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Resumo Em Portugal, o uso de materiais argilosos para fins terapeˆuticos e´ uma
pra´tica que persiste desde a antiguidade. A aplicac¸a˜o (peloterapia) e´
realizada em algumas praias do litoral Atlaˆntico sob a forma de pastas
de argila misturada com a´gua do mar (pelo´ide). Ao longo de va´rias
gerac¸o˜es os pelo´ides teˆm sido utilizados para tratar doenc¸as dermatolo´gicas
e reuma´ticas sem estudos cient´ıficos que comprovem a sua validade
terapeˆutica.
Na u´ltima de´cada, a comunidade cient´ıfica Portuguesa tem vindo a
interessar-se cada vez mais pela avaliac¸a˜o das propriedades que tornam os
materiais argilosos adequados para peloterapia. A abundaˆncia de formac¸o˜es
argilosas e as pra´ticas de hidrologia me´dica reconhecidas no nosso pais
transformaram este interesse numa nova perspectiva de aplicac¸a˜o.
Para este estudo, foram amostradas diferentes argilas (em idade e
origem) provenientes sobretudo de formac¸o˜es Mesozo´icas-Cenozo´icas
bem conhecidas. Algumas destas formac¸o˜es afloram em praias onde a
aplicac¸a˜o tradicional de argila ocorre. Esta tese foca-se no estudo da
fracc¸a˜o silto-argilosa (< 63 µm) dos materiais amostrados. A avaliac¸a˜o das
suas propriedades composicionais, f´ısico-qu´ımicas, tecnolo´gicas, te´rmicas e
reolo´gicas permitiu estimar a sua aplicabilidade terapeˆutica.
Te´cnicas convencionais (DRX, FRX, Sedigraph) foram utilizadas para
estudar a composic¸a˜o da fracc¸a˜o silto-argilosa. A microscopia electro´nica
(SEM, VPSEM e HREM) permitiu estudar a micromorfologia e a com-
posic¸a˜o da fracc¸a˜o argilosa (< 2 µm). As propriedades f´ısico-qu´ımicas
(troca catio´nica, superf´ıcie espec´ıfica) foram determinadas pelos me´todos
do Acetato de Amo´nio e BET. As propriedades tecnolo´gicas (plasticidade
e abrasividade) foram avaliadas utilizando os limites de Atterberg e teste
de abrasa˜o de Einlehner. As propriedades te´rmicas foram determinadas
recorrendo a` ana´lise te´rmica calorime´trica (DSC) e cine´tica de arrefeci-
mento. Ensaios de tecnologia farmaceˆutica (compressibilidade, volume de
sedimento e viscosidade de Brookfield) foram utilizados para o estudo da
fluidez de po´s assim como da estabilidade f´ısica e viscosidade das disperso˜es
argila-a´gua.
Resumo (continuac¸a˜o) Foram seleccionadas como argilas Portuguesas com aplicabilidade em sau´de
as amostras A-Pe, A-Be2, A-Sd , J-Fr , M-To, C-Lu1, C-Lu2, Pl-Ba, M-Ga
and J-Ab por serem materiais seguros e de composic¸a˜o adequada, com pro-
priedades f´ısico-qu´ımicas, tecnolo´gicas e te´rmicas bene´ficas para aplicac¸a˜o.
Estas argilas apresentam igualmente uma reologia apropriada quando disper-
sas em a´gua. As suas caracter´ısticas mais relevantes sa˜o o elevado conteu´do
em minerais de argila, abundaˆncia de esmectite, ilite e/ou caulinite e a toxi-
cidade aceita´vel. Apresentam uma capacidade razoa´vel para trocar catio˜es,
destacando-se o Ca 2+, assim como elevada plasticidade, baixa abrasividade,
elevado calor espec´ıfico e cine´tica de arrefecimento lenta. Por fim, eviden-
ciaram uma fluidez de po´ razoa´vel e capacidade para originar disperso˜es
viscosas quando estabilizadas. Uma vez que a maioria das caracter´ısticas
avaliadas nas argilas Portuguesas esta˜o de acordo com aquelas aplicadas
nos spas Europeus para peloterapia, consideramos este grupo de argilas
aplica´vel para tratamentos de hidrologia me´dica nos spas Portugueses.
Keywords clays, peloid, pelotherapy, therapeutic properties, suitability, certification,
spa
Abstract In Portugal, there is an old tradition in using clayey materials for thera-
peutic purposes. They are applied in pelotherapy, at several beaches of
the Atlantic coast in the form of clay-sea water mixtures (peloids) to treat
skin and rheumatic diseases. During many generations, peloids have been
applied without scientific studies that prove their therapeutic validity.
In the last decade, the Portuguese scientific community has become
increasingly more interested in assessing the properties that make clayey
materials suitable for therapeutic purposes. The abundance of clayey
formations and the established practices of medical hydrology in our
country turned this interest into a new perspective of application.
The studied materials include different clays (in age and origin) mainly
collected from well-known Mesozoic-Cenozoic formations, in some cases
outcropping at beaches where empirical applications occur. This thesis
focus in the study of silt-clay fraction (< 63 µm).To determine their
suitability for therapy, compositional, physicochemical, technological,
thermal and rheological properties were assessed.
Conventional techniques (XRD, XRF and Sedigraph) were used to
assess compositional features of silt-clay fraction. Electron microscopy
(SEM, VPSEM, HREM) was used to study the micromorphology and
composition of clay fraction (< 2 µm). Physicochemical properties
(cation exchange and specific surface) were assessed using the Ammonium
Acetate and BET methods. Technological properties (plasticity and
abrasivity indices) were assessed using the Atterberg limits and Einlehner
abrasion tests. Thermal properties (specific heat and cooling kinetics) were
estimated by DSC analysis and cooling tests. Pharmacotechnical tests
(compressibility index, sediment volume and Brookfield viscosity) were
used to assess the powder flowability as well as the physical stability and
viscosity of clay-water dispersions.
Abstract (continued) We selected as suitable Portuguese clays for health applications the sam-
ples A-Pe, A-Be2, A-Sd , J-Fr , M-To, C-Lu1, C-Lu2, Pl-Ba, M-Ga and J-Ab
because they represent safe materials, with an adequate composition, good
technological, physicochemical and thermal properties for application, also
presenting an adequate rheology when dispersed in water. Their most rele-
vant characteristics are the high clay minerals content, abundant smectite,
illite and kaolinite, and safe hazardous concentrations. They also showed
moderate capacity to exchange Ca 2+, high plasticity, low abrasivity, high
specific heat and slow cooling kinetics. They evidenced fair powder flowa-
bility and good potential to formulate viscous dispersions when stabilized.
Because the majority of the assessed characteristics are in accordance with
those presented by clays applied in European spas for pelotherapy, we con-
sidered this group of clays also suitable for medical hydrology treatments in
Portuguese spas.
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Thesis Organization
This thesis is structured in three main parts.
Part I Approach and Design is an explanatory overview of the framework of the re-
search, where the motivations, aims and contributions of the thesis are stated. It includes
three chapters, which are described as follows. In chapter 1, Introduction, the research is
placed in the context of current knowledge. Section 1.1 provides a comprehensive review
of relevant literature and section 1.2 identifies the characteristics that should be surveyed
to study the therapeutic suitability of clays. In chapter 2, Aims of the Thesis, the overall
objectives and specific aims of the research are presented as well as its major contribu-
tions. Chapter 3, Research Design, summarizes the main methods and approaches utilized to
achieve the proposed goals. It describes the collected materials (section 3.1) and the prepara-
tion of the samples before the laboratory analysis (section 3.2). Conventional and innovative
methodologies are described in section 3.3.
Part II Results’ Analysis compiles the developed publications during this research. The
analysis of the results, as performed in the published papers, is provided. Each chapter in-
cludes a different paper, arranged accordingly to the chronology of publication. A summary
is provided before each publication. Chapter 4, Paper I, is a preliminary study regarding the
first physical and technological properties to be assessed. Chapter 5, Paper II, is the first in
depth study on the mineralogical and physicochemical characteristics of selected materials.
Chapter 6, Paper III, is a study designed to select suitable samples using adequate specifica-
tions for medical hydrology applications. Chapter 7, Paper IV, is a final study which provides
the mechanical, technological and rheological properties of the suitable clays, selected on the
previous studies.
Part III Synthesis analyses and discusses the results overarching the four papers and
summarizes the most relevant topics approached in this thesis. Chapter 8, Discussion, states
the criteria (section 8.1) used for the suitability analysis provided in section 8.2 and identifies
the most significant findings of the research (section 8.3). In addition, it identifies limitations
of the research and delineates future directions (section 8.4). Chapter 9, Conclusions, lists
the overall characteristics of the studied samples and states those considered suitable as a
result of this study.
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Part I
Approach and Design
1

Chapter 1
Introduction
Geological resources have been progressively gaining more importance because of the im-
pact that certain natural products have in the worldwide economy. Considering its relatively
small extent (roughly 90000 Km2), Portugal is quite rich in certain geological resources (IN-
ETI, 1998). They include mineral deposits, mineral waters and geothermal occurrences,
among which the most common are industrial minerals and thermal mineral waters.
From all Portuguese industrial minerals, the ceramic raw materials play an important
role as they supply an industry of great economical relevance (INETI, 1998). Common clays
are also very abundant and predominantly distributed in the western and southern Mesozoic-
Cenozoic coastal zone. They are used as raw materials in the production of bricks, roof tiles,
wall and floor tiles and other products for construction.
Similarly, thermal mineral waters also represent an important resource which supply
mainly the industry of wellness and relax (thermalism), promoting the tourism sector. Un-
fortunately, in Portugal, thermalism is at a lower level of development compared to other
countries such as Spain, Italy and Germany (Gomes et al., 2003; Gomes, 2003). Several
Portuguese thermal centers have their activities suspended while others are closing due to
the lack of innovative treatments. Thus, it is imperative that Portuguese thermalism be
reanimated. This can be done by considering new products and treatments that should be
applied in Thermal Centres and based in scientific and technological certification.
As a new requirement of modern societies, many other uses of clay deposits and ther-
mal mineral waters emerged. An example is the application of both clays/muds and thermal
mineral waters in Medical Hydrology (Bacaicoa, 2006). These treatments involving the appli-
cation of clays and thermal mineral waters are generally known as Pelotherapy and, in recent
decades, have received increasingly more attention. Likewise, clay-based products have been
progressively more common in our daily life. Most of the cosmetics, aesthetic and personal
hygiene products became more appealing when formulated with clay/muds who saw their
healing properties recognized (e.g. Dead Sea Muds).
In fact, Portugal has a long tradition in using both clays/muds and thermal mineral
waters for therapeutic and/ or aesthetic purposes. However, only the mineral waters have
certification for that purposes. The therapeutic properties of thermal mineral waters are
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famous and recognized all over the country and, are requested since the Romans time to
treat several diseases, mostly muscular-skeletal pathologies through varied Medical Hydrology
practices.
In some particular sites, usually located at famous beaches, the empirical application of
clays, in the form of mud-baths, to treat skin and rheumatic diseases has been a common
practice inherited from the past. It can be currently observed and experimented, for example,
at Meco and Parede beaches especially during the summer. During the past decades, these
practices have been made without any thorough scientific studies, being solely based in the
observations and experiences of many generations.
Such practices are also known in other European countries (e.g. Spain and Italy) where
intense scientific publication related with the topic of Clays and Health has been produced.
These studies reflect the great need to establish qualification properties and certification
of natural healing clays/muds for therapeutic use. They usually assess the most relevant
compositional and physicochemical properties of clays and, in some cases, the interaction
between these materials and the human body.
However, even though some studies exist, Portugal still lacks scientific studies that support
the therapeutic application of its clays and muds. This dissertation intends to change this
situation by providing a thorough research regarding the therapeutic suitability of Portuguese
clayey materials. As such the two major questions guided the performed research:
1. What characteristics should be considered for the suitability certification of Portuguese
clays?
2. Are Portuguese clays suitable as therapeutic health products?
1.1 State of the Art
In this section are presented the background studies which motivated the development of
this dissertation and framed this thesis in the context of the current knowledge.
1.1.1 Portuguese background
In Portugal, there are several natural occurrences of clays and mudstones which have
been used empirically for therapeutic purposes since ancient times. They still are a com-
mon practice in well-known beaches situated in the Atlantic Coast such as Meco (Setu´bal
Peninsula), Parede (Oeiras) (figure 1.1), Consolac¸a˜o (Peniche) and Burgau (Lagos) beaches
(Gomes, 2003). With the same purpose, at Porto Santo island (Madeira Archipelago) empir-
ical practices involve the bathing with beach and dune’s sand (Silva, 2003). At Sa˜o Miguel
island (Azores archipelago) suchlike practices involve the application of hot sulphurous muds
gushing up at some Calderas (Terroso et al., 2006). As a matter of fact, the application of
muds gushing up in situ was also a popular practice at indoor sites. Due to the increasing
use of the thermo-mineral water in the sector of thermalism, the application of such muds
fell into disuse.
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(a) Mud-baths for the treatment of skin diseases
or aesthetics
(b) Local application of muds for the treatment
of rheumatic diseases
Figure 1.1: Therapeutic applications of muddy clays at Parede beach
The Vale dos Cucos Thermal Centre (Torres Vedras), which currently is going through
renovations, was famous during the 19th century. Here, hydrothermal muds were applied
under medical supervision in the form of mud-baths to cure several rheumatic diseases. The
Vale dos Cucos mud was subject to a preliminary study where its relevant properties for
medicinal purposes were assessed (Silva et al., 2001). It was characterized as having a complex
composition, where diverse clay minerals and elements were found to play an important role
in therapy. It was also suggested that, when artificially mixed with the mineral water gushing
up in situ, its composition was enriched with fine grained particles (Gomes, 2002).
Around the same time, other preliminary studies were published aiming at establishing
scientific and technological criteria for the therapeutic use of Portuguese pelitic materials.
One of the first studies consisted in the assessment of the relevant properties exhibited by
bentonites and beach sand of Porto Santo Island. It was developed by Silva (2003) resulting
in a Ph.D dissertation and the first book on the relevant properties of Portuguese clays
used for medicinal purposes. Silva and his collaborators suggested that among the surveyed
characteristics, thermal and chemical properties were the most relevant for the intended use
(Gomes and Silva, 2001). In particular, their high capacity to retain heat, together with
the chemical elements liberated/absorbed during the treatments, played an important role
during the therapy. Other studies supported the validity of the obtained data, of which stand
out Gomes et al. (2002, 2003).
5
CHAPTER 1. INTRODUCTION
Later, a similar study was developed with the hydrothermal muds of Furnas Thermal
Centre, located at Sa˜o Miguel island. These muds, applied in the form of baths and cata-
plasms, exhibited adequate thermal properties (specific heat and cooling rates) and as such
were considered suitable for pelotherapy (Terroso, 2005; Terroso et al., 2006).
At the same time, a preliminary study was presented by Reis (2005) where the relevant
characteristics of pelitic materials used at Consolac¸a˜o, Meco and Parede beaches for curative
mud-baths were assessed. The studied materials showed adequate thermal, physical and
chemical properties concerning their use in pelotherapy. Notwithstanding, a knowledge gap
continued to exist concerning the study of materials used for therapeutic purposes in sites of
the Portuguese mainland.
1.1.2 European background
In the beginning of the last decade, the european scientific community was already more
conscious about the beneficial effects of clay minerals upon human health. Their therapeutic
effects are recognized since pre-historic times (Carretero, 2002; Carretero et al., 2006; Gomes
and Silva, 2007) being widely used in the present day in pharmaceutical formulations (as
active principles or excipients) (Viseras and Lo´pez-Galindo, 1999; Viseras et al., 2006, 2007;
Lo´pez-Galindo et al., 2007) and in spas and aesthetic medicine (Carretero, 2002).
Scientists are interested in studying the various possibilities of applications of clay minerals
in the human health. This was in part motivated by the difficulty and costs involved in
synthesizing clay minerals for therapeutic ends. Also, the growing interest of people in using
natural means for treatment made clays a sought for product for aesthetics and therapy.
Depending on the aims of the therapy, clays can be applied in different forms where
geotherapy, pelotherapy and paramuds are the most common (Carretero, 2002). For appli-
cation in spas and beauty therapy, pelotherapy is preferred. Pelotherapy is defined as the
application of thermal muds (peloids) for recovering muscle-bone-skin pathologies, wellness
and relax purposes. Peloids are referred as thermal muds or hydrothermal pastes resulting
from the primary/secondary mixing of a clayey geomaterial with salty thermo-mineral wa-
ters, accompanied by the biological-metabolic activity of micro-organisms growing during a
maturation process (Veniale et al., 2007). This process is known to improve the therapeutic
properties of the peloid (Sa´nchez et al., 2002; AAVV, 2004; Veniale et al., 2004). The admin-
istration of peloids was considered due to its stimulatory, anti-inflammatory and analgesic
action (Carretero, 2002; AAVV, 2004; Tateo et al., 2005). Their routine applications include
local/total body cataplasms and masks for the treatment of muscular-skeletal and cutaneous
disorders (figure 1.2). They are also known to be used as cosmetic and aesthetic cleaning
masks or baths (Veniale et al., 2007).
Nonetheless, in order to be applied in pelotherapy certain qualities are required to be
present in the peloid. Namely, during application they should be easy to handle and cause a
pleasant sensation. After applied, peloids should have the capacity to preserve heat, to stay
on the skin and to treat the intended area. The properties that influence these qualities have
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(a) Mud storage and extraction
(b) Mud cataplasm
(c) Local body adminis-
tration of peloids
(d) Total body adminis-
tration of peloids
Figure 1.2: Routine pelotherapy applications at a Portuguese Thermal Centre
been identified in the past years in several research studies.
An important contribution was made by the Associazione Italiana per lo Studio delle
Argille (AISA) when publishing a catalogue of the Italian clay geomaterials for peloids (Ve-
niale, 1999). AISA also promoted important scientific meetings which greatly contributed for
the increase of peloid related scientific studies (Veniale, 1996).
Ferrand and Yvon (1991) assessed the most relevant thermal properties, such as the
heat capacity and heat diffusiveness, in peloids formulated with different clay minerals. The
authors also proposed a linear equation for the calculation of the specific heat, in function of
the water content. Likewise, Cara et al. (2000a, b) proposed a similar formula to calculate
the specific heat of bentonites from Sardinia (Italy). Although this investigation was not
carried out with peloids, by extrapolating the results to pelotherapy, the heat dissipation
during peloid application could be predicted.
Summa and Tateo (1998, 1999) made a great contribution with mineralogical and geo-
chemical data for the development of pelotherapy. They underlined that the release of toxic
elements and some important therapeutic properties were dependent on clay mineralogy.
Later, some of these toxic elements were identified in clays used for human healing (Mascolo
et al., 1999).
Concerning changes in mineralogy, Sa´nchez et al. (2002) inferred that when maturing an
illitic-smectitic clay with a ferruginous-bicarbonate-sulphate water, the content of smectite
(and < 2 µm fraction) decreased after 3 months. Physical and chemical changes during
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maturation were also considered in other studies (Galzigna et al., 1996; Veniale et al., 2004).
Moreover, it was suggested that these changes are influenced by the geochemistry of the
mineral waters used in the maturation process.
More recently, studies regarding the features of clayey materials used in the formulation of
peloids have progressively increased. Worth of mention are the following works, the majority
published in a special issue of the Applied Clay Science Journal dedicated to Clays and Health
topic: Legido et al. (2007); Tateo and Summa (2007); Veniale et al. (2007).
Legido et al. (2007) stated the different thermal behaviour occurring between common
clays and pure clays. The water absorption capacity was considered to play an important role
in the cooling kinetic and in the selection of candidate clays for pelotherapy. The authors
also recommend the use of smectitic clays instead of common clays for the preparation of
warm peloids because their slower cooling rate.
Tateo and Summa (2007) studied the mobility of chemical elements from the healing
clays to the human body. They assert that topical application involves not only soluble and
exchangeable chemical elements but also the effects of organic compounds in the transdermal
migration of elements. Furthermore, they propose that in some cases the supply of beneficial
substances through topical application is preferred over ingestion because the latter has less
side-effects.
Veniale et al. (2007) suggested that the suitability of peloids results from the combination
of various properties and factors. On one hand is the composition and granulometry of
the used clay geomaterial while on the other hand is the geochemistry of the mineral water
(Veniale et al., 2004), the mixing procedure and the duration of maturation. Consequently
he has defined granulometry, specific surface area, mineralogy, hazardous chemical elements
and pH value as the main factors to take into account in order to assess the quality of clays
and peloids.
Veniale and his collaborators have also mentioned the difficulty that many Italian thermal
centres have in obtaining natural supplies of peloids (Veniale et al., 2004, 2007). To solve
this problem, they referred that several thermal centres started to use argillaceous virgin
geomaterials of unknown origin, which mixed with salty mineral waters gushing in situ, were
capable to produce peloids. By doing this, most of the appreciated features of peloid for their
use in spa could be called into question. As a result, it was evidenced the need of regulations
for certifying the characteristics of clay geomaterials usable for the formulation of suitable
peloids.
In Portugal similar questions arise. Our natural occurrences of peloids are in nature scarce
but, instead, our territory is rich in exploitable clay deposits. Thus, if a certification protocol
is created containing the criteria that make Portuguese clayey geomaterials suitable for the
formulation of peloids, then part of the problem is solved.
The next section is dedicated to the thorough examination of the characteristics that
determine the quality and suitability of clay geomaterials for the formulation of appropriate
peloids.
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1.2 Qualification parameters
Although common clays are also used, smectites and kaolinite are the most used clay
minerals in spa and aesthetics. Illite, interstratified illite/smectite, chlorite and, occasionally
palygorskite and sepiolite, are also applied. These clay minerals are directly responsible for
the following desirable qualities:
• Softness and small particle size because they provide a pleasant application of the mud;
• Formation of a viscous and consistent paste needed for good rheological behaviour;
• Good plasticity which is necessary for easy application and adherence during treatment;
• A pH value close to that of the skin to prevent dermatological problems;
• High sorptive capacity in order to remove excess grease and toxins present in the skin;
• High cation exchange capacity that promote the exchange of nutrients;
• High heat-retention capacity because heat also has a therapeutic action.
The following sections present the parameters needed to be taken into account in order to
assess the above mentioned qualities. These are grouped in Compositional, Physicochemical,
Technological, Thermal and Rheological parameters.
1.2.1 Compositional
We understand as compositional parameters those referring to the appropriate mineralog-
ical, geochemical, granulometric and microtextural features.
Mineralogy
Bulk sample and clay fraction should exhibit a high content of swelling-exchanging clay
minerals. These are mostly included in the smectites group and have in common the capacity
to exchange ions and to increase volume when absorbing water. For therapeutic purposes,
this means clays with improved capacities to retain heat and promote the interchange of
substances between the skin and the peloid (Veniale et al., 2007). The latter, in particular,
is a wanted quality when undesirable substances need to be removed or essential substances
need to be replaced in the applied area.
However, some aspects may be taken into account when leading with the mineralogy of
clayey materials. Associated to clay minerals are accessory minerals, such as quartz, feldspars
and calcite that represent abrasive minerals and may cause discomfort when peloid is applied
to the skin (Veniale et al., 2007). Moreover, they can be considered as impurities (e.g. quartz)
or dangerous (e.g. fibrous minerals, asbestos, silica) and, for that, their presence should be
avoided or limited in such therapeutic products (Viseras et al., 2006; Lo´pez-Galindo et al.,
2007).
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Granulometry
Qualified clay geomaterials should have a high content of clay-sized particles (< 2 µm).
This provides a soft sensation when the clay is applied and facilitates its manipulation.
Nonetheless, softness is also influenced by the mineralogy and morphology of the clay parti-
cles. Furthermore, a high content of clay-sized particles implies a high specific surface area
(Veniale et al., 2007).
Micromorphology
Micromorphology refers to the microscopic spatial disposition of clay particles, its ag-
glomerates and the resulting pores in the clay material (Carretero and Pozo, 2007). This
parameter has been considered by several pre-formulation studies of clays for pharmaceutical
and cosmetic uses (Delgado et al., 1992; Viseras and Lo´pez-Galindo, 1999; Viseras et al.,
2006).
Fibrous morphologies should be avoided because they can induce adverse health effects
such as increasing carcinogenicity and, in particular, asbestos minerals should absent (Lo´pez-
Galindo et al., 2007). Also, it was recently suggested that peloids should have high porosity
because it facilitates adsorption/absorption of substances when the peloid is applied to the
skin (Ga´miz et al., 2009). In addition, micromorphology can also interfer with some physic-
ochemical properties such as abrasivity and stability in solutions.
Hazardous elements
One of the specifications that geological materials must comply for therapeutic uses con-
cerns its safety information (Lo´pez-Galindo et al., 2007). Among other several requisites,
this information includes an accurate identification of the substance composition and its
hazards identification. Moreover, several works point out that, due to their potential haz-
ardous/beneficial effect on human health, major and trace elements should be carefully con-
trolled in clays to prevent possible side-effects (Summa and Tateo, 1998; Carretero, 2002;
Veniale et al., 2004, 2007; Tateo and Summa, 2007).
Hazardous elements can occur naturally in clays as the result of their mineralogical com-
position or be adsorbed on the clay particles, for example during the pelotherapy applications
(Mascolo et al., 1999; Lo´pez-Galindo et al., 2007). Moreover, when present, they can be mo-
bile and/or exchangeable when scavenged by the skin sweat, becoming a troubling question
(Veniale et al., 2007).
The identification of trace elements traditionally considered toxic include As, Sb, Cd,
Co, Cu, Pb, Ni, Zn, Hg, Se, Sb, Te, Tl, Ba (Veniale et al., 2004, 2007; Lo´pez-Galindo et al.,
2007). The toxic concentrations are defined by different regulations for pharmaceutical and/or
cosmetic usage. They can simply disallow their presence in those products or recommend
concentrations that should not be exceeded for certain elements. For instance, European
Directives (European regulation 85/391/CEE and 86/199/CEE) consider As, Se, Cd, Hg,
Te, Tl and Pb as prohibited elements in cosmetic materials, including clays and peats for
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pelotherapy. On the other hand, Canada and United States Food and Drug Administration
(FDA, 2003) state that Pb, As, Cd, Hg and Sb must be avoided in cosmetics if exceeding
certain limits.
When considering the pharmaceutical usage of clay material, which also includes oral
exposure, recommendations are even more accurate. Trace elements are distributed among
different elemental impurities classes, where specific limits are set for each element (DeStefano
et al., 2010; EMEA, 2008).
1.2.2 Physicochemical
We have considered as physicochemical parameters, those assessing the capacity of clays to
perform sorption phenomena and to enable the exchange of nutrients, while the clay minerals
are in contact with the patient’s skin.
Specific surface area
This property rules the interactions between solid and liquid constituents as well as the
thermal behaviour of peloid muds (Veniale et al., 2007). In particular, it determines the clays
reactivity i.e. the quantity of particle surfaces reacting with the cutaneous area. Therefore,
clays should exhibit a high specific surface area because this means more interaction between
the clay and the area to be treated.
Cation exchange capacity
This capacity controls the release-exchange of mobile elements (ions) between the skin
sweat and the peloid mud (Summa and Tateo, 1998). As such a high ion exchange capacity
is desirable because it promotes the exchange of nutrients in contact with the skin, such as
the cations K+ and Na+ (Carretero and Pozo, 2007).
Also, different exchangeable cations can widely range in hydration degree, influencing the
moisture content and water diffusion of smectite-rich pastes (Veniale et al., 2004).
1.2.3 Technological
We have considered as technological parameters, those evaluating the mechanical be-
haviour of the clays. These parameters are very important to survey as they evaluate the
application effectiveness of the peloid (Veniale et al., 2007).
Swelling capacity
Swelling capacity is the ability that a clay has to increase its volume when absorbing water.
This is an important parameter because it determines the water retention capacity of a clay
which in turn influences its capacity to retain heat (Cara et al., 1999). Thus, clays should
have a high swelling capacity in order to have a high moisture content and consequently a
high heat capacity.
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In fact, clay pastes rich in swelling minerals, such as smectite, are generally considered
suitable for pelotherapy due to their ability to retain large amounts of water and as a result
heat (Yvon and Ferrand, 1996) On the other hand, high water retention means also high
sorption capacity. By using this capacity, clays can eliminate excess grease and toxins from
skin, being very effective against dermatological diseases such as boils, acne, ulcers, abscess,
and seborrhoea (Carretero et al., 2006).
Plasticity
Plasticity is the clay’s ability to be continuously deformed without disruption. A peloid
should have high plasticity in order to be more easily handled. Plasticity also influences the
peloid’s adherence to the skin (Carretero and Pozo, 2007).
Abrasivity
This parameter evaluates how much wear is done to a surface when in contact with the clay
suspension. Clays should exhibit low abrasivity in order to cause a pleasant sensation during
the peloid application. Additionally, abrasive minerals such as quartz, feldspars and calcite
should be controlled in order to avoid high abrasivities. Nonetheless, there are applications in
beauty therapy where scrub properties may be required. This means that, although generally
abrasivity should be low, there are some cases where a higher but still controlled value could
be desired.
1.2.4 Thermal
We considered as thermal parameters those that characterize the heat retention and
dissipation capacity of the clays. Thermal properties have an important role as in most
of the cases the heat application is directly responsible by the therapeutic effects (Legido
et al., 2007). For example, clay minerals are usually applied hot to treat chronic rheumatic
inflammation, sport traumatisms and dermatological problems.
Cooling kinetics
The effectiveness of a peloid passes through the evaluation of its cooling properties (Ve-
niale et al., 2007). In order to meet the intended purposes, peloids should be applied hot,
with temperatures around 40–45 oC and slowly cool while in contact with the area to be
treated during approximately 20–30 min (Carretero, 2002). The peloids heat retention ca-
pacity (or retentivity) is directly related with the specific heat and, inversely, to their thermal
conductivity (Legido et al., 2007). In many therapeutic applications, the peloid mud must be
kept at a higher temperature than that of the patient’s body during the application (Legido
et al., 2007). Thus a suitable peloid must have a low cooling rate and a high specific heat
value (Ferrand and Yvon, 1991; Cara et al., 2000b; Legido et al., 2007).
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Information on the peloid cooling kinetics is also important to be assessed for the spa-
management, because high energy-costs have to be met for the peloid heating (Veniale et al.,
2004, 2007).
1.2.5 Rheological
Rheological properties of therapeutic clays for pelotherapy have been scarcely studied,
being commonly attributed to their mineralogical composition and maturation conditions
(Carretero et al., 2006). In this study we have considered as rheological, the parameters
concerning the flowability, stability and viscosity of the samples. These parameters influence
the interactions between skin and the peloid that drive the chemical and heat transfers (Yvon
and Ferrand, 1996; Bettero et al., 2004). These parameters were assessed according to the
specifications of famous pharmacopoeias (EUP, 2007; USP, 2010).
Powder flowability
Powder flowability is the ability of a powder to flow in a desired manner in a specific piece
of equipment . As such it depends not only on the properties of the particles but also on the
equipment used for handling, storing or processing the clay (Prescott and Barnum, 2000).
This property is of critical importance in the formulation of pharmaceutical products (Stan-
iforth and Aulton, 2007) and its assessment is recommended on well-known pharmacopoeias
(EUP, 2007; USP, 2010).
Clay powders must flow adequately, regarding speed and uniformity of flow, in order to
be easily handled when dispersed, during the maturation (EUP, 2007; USP, 2010).
Physical stability
A colloidal dispersion is stable when it does not depict sedimentation over time periods of
12 to 24 h (Carretero and Pozo, 2007). As such it is of great importance to know the aggrega-
tion state of the solid particles in order to assess the quality of that dispersion (De Bernardi
and Pedrinazzi, 1996; Minguzzi et al., 1999; Veniale, 1999). This is crucial to prevent the
formation of sediment at the bottom of containers. For the case of flocculated dispersions
it is desirable that the volume of the sediment to be equal to the original volume, such a
product is said to be in flocculation equilibrium, showing no clear supernatant on standing
(Gennaro, 1998).
Apparent viscosity
Apparent viscosity has been mainly studied for cosmetic and some medicinal products
(Viseras et al., 2006). Similarly to peloids, these products are designed to be placed in
contact with external parts of the human body. Ideally they should exhibit a thixotropic
behaviour. This property allows clays to flow when spreading and have enough viscosity to
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remain in contact with the application area, at least until their objective is achieved. As such
this is a fundamental property for the formulation of ideal topical health care preparations.
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Aims of the Thesis
The main goal of this research is to determine the suitability for therapeutic applications
of a selected group of clays collected in the Portuguese mainland. To achieve this overall
objective, four specific aims should be accomplished:
I Identify the required characteristics that clays should exhibit for health applications. To
comply with this specific aim, compositional, physical, technological and thermal characteris-
tics were assessed. This aim was pursued in the studies outlined in papers I and II (chapters 4
and 5).
II Determine the safety and pharmacotechnical specifications that clays should obey for
therapy. This specific aim is reflected in the study developed in Paper III (chapter 6), where
new safety standards were defined and powder flow tests were performed accordingly with
U.States/European specifications.
III Ascertain the suitability of selected clays during their application to the skin. This is
done by assessing different thermal, mechanical and rheological properties. This specific aim
is set forth in paper IV (chapter 7).
IV Establish the overall therapeutic suitability of the selected clays. This specific aim is
present in all studies (Paper I to IV) and is consolidated in chapter 8.
2.1 Contribution of the Research
The major contribution os this dissertation is the identification of a group of suitable
Portuguese clays for therapy. Other not less important contributions were made at different
levels.
Knowledge Despite similar studies have been performed in Madeira and Azores (Por-
tuguese archipelagos), those concerning the Portuguese mainland are scarce and centred in
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particular sites. This thesis studied the therapeutic suitability of a satisfactory number of
formations representative of the sedimentary context of the Portuguese mainland.
New applications Clayey formations usually exploited for ceramic purposes are analysed
in this thesis from the health perspective. Through this assessment new relevant data were
produced and new possibilities of applications were uncovered.
Scientific evidences Some of the studied clayey formations were assessed because they
are involved in known empirical applications to treat several musculo-skeletal disorders. This
thesis validated the therapeutic suitability of some of these materials and identified others as
potentially hazardous. In addition, at Alentejo a new geological site previously known only
to a restricted local community was unravelled and scientifically assessed for the first time.
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Research Design
The research design is structured in three main steps. Section 3.1 describes the stud-
ied materials as well as the sampling areas. Section 3.2 refers to the samples preparation
conducted before the laboratory tests which are described in section 3.3.
3.1 Materials
Twenty-seven samples were collected from different clayey formations located in Mesozoic-
Cenozoic sedimentary basins and in the Hercynian Massif (figure 3.1). Additionally, a
bentonite (A-Sd) collected by Gomes and Silva (2001) at Porto Santo Island (Madeira
Archipelago) and a commercial green clay (Co) were included in the study.
Samples were selected according to the following criteria:
• Proximity (. 50 km) to famous Thermal Centres or beaches with traditional applica-
tions;
• Occurrence of exploitable clayey deposits;
• Occurrence of clayey formations where clay minerals occur in high proportions.
The samples’ nomenclature was given according to their geological age and formation name.
The first initial corresponds to the age (e.g. M for Miocene) and is separated (by an hyphen)
from the initials of the formation name (e.g. We for Wealdian). See Table 3.1 for detailed
information.
3.1.1 Mesozoic-Cenozoic formations
The majority of the samples was collected from different Mesozoic-Cenozoic formations
located in sedimentary basins of the Portuguese mainland (figure 3.1). They include twenty-
two clayey materials from Jurassic to Pliocene age, and are briefly described in the next
paragraphs.
17
CHAPTER 3. RESEARCH DESIGN
Madeira
Archipelago
Western
Meso-Cenozoic Basin
Tejo-Sado Basin
Hercynian
Massif
South
Meso-Cenozoic Basin
Aveiro 
Porto 

Porto
Santo
 Funchal
 Covilhã
 Évora
 Setúbal
 Santa
  Cruz
Torres 
Vedras 
Beja 
Loulé Portimão
       
50 Kilometers
50 Miles
C-Lu1
C-Lu2
C-Pm
C-We
M-Ca
A-Pe
A-Fi
M-Ga
M-Pe1,2
M-Xa
C-Ro
J-Co
J-Da J-Ab
C-Tv1
J-Fr
C-Tv2
A-Be1,2
A-Be3
Pa-Sa
M-To
Pl-Ba
C-Ca
J-Bv
C-Av
A-Sd
Figure 3.1: Sampling locations. Legend: ￿ Thermal Center; 9 Sampling site.
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Table 3.1: Samples overall description
Geological
Setting
Age Formation Sample
Lusitanian Basin Lower Jurassic Dagorda J-Da
Upper Jurassic Freixial J-Fr
Abadia J-Ab
Consolac¸a˜o J-Co
Boa Viagem J-Bv
Lower Cretaceous Torres Vedras C-Tv1
Torres Vedras C-Tv2
Carrascal C-Ca
Upper Cretaceous Rod´ısio C-Ro
Aveiro C-Av
Pliocene Barraca˜o Pl-Ba
Algarve Basin Lower Cretaceous Wealdian C-We
Luz C-Lu1
Luz C-Lu2
Luz C-Pm
Miocene Cacela M-Ca
Tagus-Sado Basin Paleogene Sarzedas Pa-Sa
Miocene Torre M-To
Gale´ M-Ga
Xabregas M-Xa
Penedo M-Pe1
Penedo M-Pe2
Hercynian Massif Alteration Products Benavila A-Be1
Benavila A-Be2
Benavila A-Be3
Ficalho A-Fi
Pedro´ga˜o A-Pe
Madeira Archipelago Alteration Products Serra Dentro A-Sd
Commercial Clay Co
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Lusitanian basin
In the Lusitanian basin were collected Jurassic (J-Fr , J-Da, J-Ab, J-Co and J-Bv),
Cretaceous (C-Tv1, C-Tv2, C-Ca, C-Ro and C-Av) and Pliocene (Pl-Ba) clayey materials.
At Aveiro region, sample C-Av was collected. It is a light-grey clay, representative of
the Aveiro Clays formation (Rocha and Gomes, 2002, 2003) located in the proximity of the
Caldas de S.Jorge Spa (figures 3.2a, 3.2b).
At Figueira da Foz, sample J-Bv was collected. It corresponds to a reddish marly clay,
representative of a clay-rich level from a well studied formation, the Boa Viagem formation
(Bernardes, 1992). Collected at Caceira, sample C-Ca is also reddish clay, representative of
another well known formation, the Figueira da Foz formation (Dinis, 1999).
At Leiria region, sample Pl-Ba was collected. It is a dark-brown clay, representative of
a big clay deposit, where the Barraca˜o formation (Barbosa, 1983) is exploited for Ceramic
purposes. It is located in the proximity of the Monte Real Spa (figures 3.2c, 3.2d).
At Torres Vedras region, in the neighbourhood of Vimeiro Thermal Centre, samples C-Tv1
(red), C-Tv2 (white), J-Fr (grey), J-Da (brown) and J-Ab (light-brown) were collected. In
particular, sample C-Tv1 and J-Fr are representative of exploited clay-rich levels for the
Ceramic Industry (figures 3.2e, 3.2f). At Consolac¸a˜o beach (Peniche region), sample J-Co
was collected. It is a dark-grey marly clay used for empirical applications since historical
times. It is located in the neighbourhood of the Caldas da Rainha Spa.
At Parede beach (Oeiras), sample C-Ro was collected. It is a dark-grey marly clay,
empirically mixed with sea-water to heal musculo-skeletal pathologies and outcrops nearby
Estoril Thermal Centre (Cascais) (figure 3.3).
Tagus-Sado basin
In the Tagus-Sado basin were collected Paleogene (Pa-Sa) and Miocene (M-Pe1, M-Pe2,
M-Xa, M-Ga, M-To) materials.
At Meco beach (Setu´bal Peninsula), samples M-Pe1 and M-Pe2 were collected. They
correspond to dark-grey marly clays traditionally used in mud-baths for the treatment of
skin and bone diseases (figure 3.4). At Costa da Caparica beach, sample M-Xa was collected.
It is a blue-grey marly clay used in sea water formulations for the treatment of musculo-
skeletal disorders and aesthetic masks. At Gale´ beach (Sines region), sample M-Ga was
collected. This is a yellow clayey fine-grained sandstone collected by Jesus et al. (2007) as
part of a study performed in the beach sediments of SW Portugal .
At Castelo Branco, samples M-To and Pa-Sa were collected. They correspond to light-
grey marly clays collected from well known palygorskite deposits but with no potential for
exploitation (Cunha, 1996, 1987; Cunha and Reis, 1985). Both clays are located in the
neighbourhood of Monfortinho Thermal Center.
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(a) Clay-rich levels of Aveiro Clays formation at
Bustos quarry
(b) Detail of Aveiro Upper Cretaceous clays
(c) Clay-rich levels of Barraca˜o formation at Alto
dos Crespos quarry
(d) Detail of Barraca˜o Pliocene dark clay
(e) Clay-rich levels of Torres Vedras formation
at Lusoceram quarry
(f) Detail of Torres Vedras Lower Cretaceous
clayey sandstones
Figure 3.2: Examples of some sampled clay-rich levels usually exploited for Ceramic Industry
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(a) Clay-rich level of Rod´ısio formation outcrop-
ing at Parede Beach
(b) Parede beach mud mixing procedure
Figure 3.3: Clay-rich levels used in therapeutic applications at Parede beach
(a) Outcrop of Penedo formation at Meco Beach,
used for mud-bath therapy
(b) Detail of the clay-rich level of Penedo For-
mation. The marks were leaved by people when
extracting mud for therapy
Figure 3.4: Clay-rich levels at Meco beach used for empirical applications of mud
Algarve basin
Because traditional treatments with healing clays are also reported in the southern part of
the country, several samples were collected in the Algarve basin, another famous Mesozoic-
Cenozoic sedimentary border. Here were collected Cretaceous (C-Lu1, C-Lu2, C-Pm and
C-We) and Miocene (M-Ca) materials.
At Lagos (Portima˜o region), samples C-Lu1, C-Lu2 and C-Pm were collected. They
correspond to light-green clays empirically used at Burgau and Porto de Mo´s beaches for the
treatment of skin pathologies and aesthetic purposes.
At Loule´ (Faro region) sample C-We is a yellow clay, collected by Trindade (2007) in
the scope of a mineralogy and geochemistry study of Algarve basin clays. At Cacela (near
Spanish border), sample M-Ca was collected. It is a representative beige clay from the Cacela
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formation (Cacha˜o, 1995), outcropping nearby Praia Verde beach resort.
All the described materials are reported in Paper I (section 4.2) and described with more
detail in Paper II (section 5.2) and Paper III (section 6.2).
3.1.2 Other clayey formations
In the Hercynian Massif, at Alentejo region, five alteration clayey products (A-Be1, A-Be2,
A-Be3, A-Pe and A-Fi) were collected.
Sample A-Fi is a light-brown clay, collected at Serpa region, resulting from the alteration
of Palaeozoic schist occurrences. It was sampled at Banhos da Ferradura, a typical Alentejo’s
estate, where local people apply the in situ gushing healing muds for the empirical treatment
of skin diseases.
Samples A-Be1, A-Be2, A-Be3 and A-Pe are greenish smectite-rich clays which result from
the alteration of quartz diorite rocks from the Benavila’s complex (figure 3.5). They represent
one of the most important bentonite deposits in Portugal located at the Avis region (Dias
et al., 2004). They are located in the proximity of two important Thermal Centres: Nisa Spa
and Sulfu´rea Spa (at Cabec¸o de Vide). Sample A-Sd is a green bentonite, resulting from the
(a) General view of the Benavila deposit near
Avis region
(b) Detail of Benavila smectite-rich clay
Figure 3.5: Outcrop of Benavila bentonitic clays at Alentejo (Avis) region
alteration of Miocene submarine tuffs and breccias (Silva, 2003). It was collected from a big
bentonite deposit located at Serra de Dentro (Porto Santo Island), used in complementary
treatments of rheumatic and orthopaedic diseases (Silva et al., 2001).
For comparative purposes, a commercial green clay (Co) was also studied. This clay, man-
ufactured by PROVIDA R© Natural Products, is sold in many Portuguese stores for internal
and external use in the treatment of multiple afflictions.
A thorough description of these materials is available in Paper III (section 6.2).
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3.2 Samples preparation
This section describes sieve and sedimentation techniques used in the preparation of the
samples for the laboratory experiments.
3.2.1 Wet sieving
Wet sieving was performed to separate the silt-clay fraction (< 63 µm) from the bulk ma-
terials. Through the weighting of the obtained fractions, it was also used to assess the particle
size distribution of the bulk materials (figure 3.6). The method was developed according to
the standard test for particle-size analysis of soils (ASTM, 2007).
After mixing the bulk sample with distilled water, a #230 washing sieve (63 µm) was
placed over a bucket and portions of the suspended sample were transferred to the sieve. The
fine clay was washed through the screen using a squirt bottle, until the wash water was only
slightly cloudy. The obtained fractions, silt-clay (< 63 µm) and sand-gravel (> 63 µm), were
dried (50–60 oC) and after cooled, they were weighted.
This method was used, rather than dry sieving, because for material that is finer than
150 µm, dry sieving can be significantly less accurate. Wet sieving also produces an adequate
degree of separation between individual fractions. Suspending the particles in a suitable
liquid transports fine material through the sieve much more efficiently than shaking the dry
material. Furthermore, it allowed the gentle removal of cementing minerals and particles of
higher size. These could represent impurities in the material to be studied, compromising its
quality.
Additionally, this method assumes that all particles are nearly round. As such, when the
particle diameter is less than the square opening, it will be able to pass through the screen.
However, if the particles are elongated and flat their ability to pass the screen depends on
their orientation. Therefore, for these morphologies this method will not produce reliable
results based on the weighting of the fractions.
3.2.2 Sedimentation
Sedimentation was carried out to separate the clay sized particles (< 2 µm) from the silt-
clay fraction. This method is based in the Stokes’ Law that determines the particle size as
a function of settling velocity. This technique is adequate for particle sizes < 10 µm and for
that it was particularly useful in preparation of samples for electron microscopy analyses.
Samples preparation is described in detail in PaperII (sections 5.3.1 and 5.3.4).
3.3 Methods
This section divides methodologies in two groups. Conventional methodologies are those
which are commonly carried out to assess the clays characteristics for health applications.
The innovative methodologies are those scarcely mentioned in background studies.
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Figure 3.6: Research design schematic
3.3.1 Conventional methodologies
Conventional methods allowed the characterization of the samples in terms of their com-
positional, physical, technological and thermal properties (figure 3.6).
X-ray diffraction
X-ray diffraction (XRD) was used to identify and quantify the mineral constituents of
the silt-clay fraction (< 63 µm), assessing the mineralogical composition of the samples
(section 1.2.1).
Random powder diffraction was performed to identify the overall mineralogy of the
< 63 µm fraction. For that, this fraction was previously disaggregated (figure 3.7a) in order
to produce a polycrystalline powder where mineral particles were randomly displayed without
a preferential orientation.
Oriented aggregates were prepared for the identification of clay minerals, which are con-
centrated in the < 2 µm fraction. This procedure allows the production of more intense peaks
and thus facilitates their identification. To produce the oriented aggregates, a suspension is
prepared with silt-clay fraction (figure 3.7b). The clay fraction is obtained by sedimentation
(Stokes’ law) and transferred to a glass slide (figure 3.7c). Here, the suspension is left to
air-drying until the orientation is produced (figure 3.7d). Further treatments are applied to
the air-dried oriented aggregates in order to better identify certain clay minerals which are
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likely to produce typical behaviours.
(a) Disaggregation of the silt-clay fraction with
an agata morthar
(b) Dispersion of the silt-clay fraction with an
Ultrasonic Probe Dispersion Equipment
(c) Production of clay-fraction oriented aggre-
gates in glass slides
(d) Appearance of the glass slides after air-
drying
Figure 3.7: Steps in the preparation of clay samples for XRD analysis
This method is, by far, the most complete technique in providing information on miner-
alogical composition. It is also one of the most reliable for mineral identification in materials
with crystalline structure (Carretero and Pozo, 2007). More detailed information about min-
eralogical data processing is provided in sections 5.3.2 and 6.2.1.
TEM-EDS analysis
Transmission electron microscopy (TEM) was preferentially used to identify clay mineral
particles through their structural formulas calculation. The incorporated energy dispersive
system (EDS) determined the chemical composition of the clay particles allowing the identi-
fication of their crystalline structure.
This was particularly useful to identify important clay minerals for therapeutic applica-
tions because of their beneficial (dioctahedral smectite) or prejudicial (palygorskite) effects.
Therefore, this technique allowed a more accurate characterization of the clay fraction min-
eralogy (section 1.2.1).
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Although this method is also used in the study of the clay minerals morphology and size
in bi-dimensional images, this assessment was performed using preferentially the scanning
electron microscope (SEM) (Carretero and Pozo, 2007).
Before the analysis, the samples were previously prepared by fine grinding the clay powder
fraction and then suspending it with alcohol (figure 3.8a). The resulting suspension is then
transferred to a carbon coated grid until the solvent evaporates (figures 3.8b, 3.8c).
For more information see Paper III (section 6.2.1).
(a) Suspension of the clay-fraction with alcohol
for TEM-EDS analysis
(b) Clay-alcohol suspension transfer to a carbon
coated grid
(c) Placing of the carbon coated grid containing
the clay-fraction in the microscope sample holder
(d) Placing of clay-fraction samples for SEM-
EDS analysis in the microscope sample holder
Figure 3.8: Sample preparation for Electron Microscope Analysis
Sedigraph analysis
Sedigraph was used to determine the particle size distribution of the silt-clay fraction.
The obtained results allowed the assessment of the granulometry (section 1.2.1) through the
quantification of the clay fraction content.
This method determines particle sizes by the measurement of the settling velocity and
their mass fraction using relative absorption of low-energy X-ray. This is a standard method
for determining particle size distribution, giving both accurate and highly reproducible re-
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sults (Webb, 2004). Furthermore, the environment in which the particle is analysed involves
dispersing powders in a liquid. From the research point of view, this is an important factor
to be taken into account as this environment is closely related to that of the application.
For more details, consult Paper II (section 5.3.1) and Paper III (section 6.2.2).
SEM-EDS analysis
Scanning electron microscopy (SEM) was preferentially used to assess the morphology of
the clay mineral particles (section 1.2.1). This method, which is usually equipped with a EDS
(energy dispersive system) microanalysis system allowed the determination of their chemical
composition using punctual analysis.
This technique is very useful for the analysis of mineral particles and surfaces using high
magnifications (up to x100000). The obtained images are well defined due to the high depth of
focus and resolution limit around 0.01 µm (Carretero and Pozo, 2007). Thus, it is a preferred
method for the observation of small and delicate details in clay particles such as fibrous
morphologies. By using the EDS equipment it is possible to associate a particle chemical
elements distribution to its morphology.
Before carrying out the SEM-EDS analysis, the clay fraction was finely ground and trans-
ferred to carbon sticker which in turn was covered with a graphite film (figure 3.8d) (see
section 5.3.4 for detailed information).
X-ray fluorescence spectroscopy
X-ray fluorescence spectroscopy (XRF) was used to identify and quantify the elemen-
tal composition (major, minor and trace elements) of the silt-clay fraction. It allowed the
assessment of the samples chemical composition (section 1.2.1).
Pressed powder pellets were prepared for the analysis of major elements while minor
(and trace elements) were analysed using fused beads. In this case, trace elements analysis
may have the inconvenient of producing less accurate results because during the sample
preparation they are commonly diluted (Carretero and Pozo, 2007). For that, this method is
preferentially used for the determination of major and minor elements (> 0.1%).
Flame photometry
Flame photometry, more accurately called Flame Atomic Emission Spectrometry, was
used for the determination of Na and K (section 1.2.1). This is a suitable technique for
qualitative and quantitative determination of several cations, especially for metals that are
easily excited to higher energy levels at a relatively low flame temperature (mainly Na, K,
Rb, Cs, Ca, Ba, Cu).
This is a very accurate technique relatively free of interferences from other elements. For
being a simple and relatively inexpensive method, it is widely used for clinical, biological and
environmental analysis.
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More information regarding XRF and flame photometry is available in papers II (sec-
tion 5.3.3) and III (section 6.2.1).
BET analysis
BET (Brunauer, Emmett and Teller) (Brunauer et al., 1938) analysis was used to estimate
the specific surface area (SSA) (section 1.2.2).
This technique is based on nitrogen gas adsorption at 77 K. Adsorption isotherms, de-
scribing the amount of gas adsorbed as a function of relative pressure (P/P0) can exhibit
different features depending on the size of particles, the presence of organized pores, and the
energetic properties of the mineral surface. In the case of non-swelling clay minerals this is
the most widely used technique for determining SSA (Michot and Villie´ras, 2006).
The BET analysis is the most common method to derive quantitative information from
experimental adsorption curves. It is based on the equation proposed by Brunauer et al.
(1938), describing multilayer adsorption. BET method for surface area testing is applicable
to numerous industries, and adopted popularly due to its accuracy and reliability, which is
appealing to scientific research.
This procedure was used in paper II (section 5.3.5).
Ammonium acetate method
Ammonium acetate method was used to quantify the cation exchange capacity (CEC)
(section 1.2.2). This method involves the extraction of 1.00 M ammonium acetate (pH 7.00)
and is the most applied to estimate the soluble and exchangeable alkali/alkaline elements
(Reeuwijk, 2002). It is based on the principle that the addition of NH+4 in excess to the clay
displaces the rapid exchangeable cations from the exchange sites of the clay particles. The
CEC values can also be estimated by the summation of exchangeable cations (Ca, Mg, Na
and K).
However, using this method, the determined CEC values are usually lower than the real
values (Gomes, 2002). For example, in certain illitic clays, where the mixed layered il-
lite/smectite is abundant, the ammonium fixation can be irreversible. Also, the presence
of gypsum, calcite and dolomite influences CEC readings. This happens because they are
slightly soluble in the ammonium acetate solution and thus, part of the existing Ca and Mg
cations in the solution do not correspond to exchangeable cations (Gomes, 2002). In these
conditions, the BaCl2/MgSO4 method is more reliable.
The concentrations of the resulting exchangeable cations (Na+, K+, Ca2+ and Mg2+) were
determined by Atomic Absorption Spectrophotometry. This is a very wide-spread method
which besides being simple and fast allows the determination of about 70 elements (mainly
metals) at very low concentrations (Carretero and Pozo, 2007).
This methodology was applied in the study presented in paper II (section 5.3.5)
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Atterberg method
Atterberg method was used to assess plasticity (section 1.2.3). This is an extensively used
technique to discriminate different kinds of clays based on their consistency. The procedure
satisfies the International Standards (ASTM, 2010b) and followed the Portuguese norm NP
143-1969.
This method determines different limits (Atterberg limits) that separate different consis-
tency behaviours. The Plastic limit (WP ) separates semi-solid and plastic behaviors and the
liquid limit (WL) delimits the latter from viscous behaviour.
To determine WL the Casagrande test was used while WP was ascertained with a plastic
limit test. The difference between these two limits corresponds to the Plasticity Index. For
more details see section 7.2.2.
Expansion index test
Expansion index test was performed to assess the swelling capacity of the samples when
absorbing water (section 1.2.3). The procedure followed the norm LNEC E200-1967 and is
according to ASTM (2008).
The test is performed in compacted samples after being inundated with distilled water.
For that, a especial apparatus (fixed-ring consolidometer) is used where the uniformly com-
pacted sample is placed. This set is put inside a plastic container which is filled up with
water until it reaches the consolidometer base.
This is a simple yet sensitive method for determination of expansion potential of com-
pacted soils for practical engineering applications using an index parameter. However, the
precision of this method is dependent on the competence of the personnel performing it and
the suitability of the equipment.
Einlehner abrasion test
Einlehner abrasion test was used to determine abrasivity (section 1.2.3). This method
is widely used in European countries to evaluate the abrasivity of pigment particles usually
applied in paper coating industry (Gomes, 2002).
Its wide application is due to its high degree of accuracy, autonomy, easiness when op-
erated, and rapid results. Furthermore, since the abrasivity is determined using clay-water
suspensions, the environment where the experiment occurs is closer to the intended applica-
tion conditions.
This test application is detailed in paper IV (section 7.2.2).
Cooling tests
Cooling tests were performed to assess cooling behaviour of the samples (section 1.2.4).
Initially, the method proposed by Gomes (2002) was adopted. Accordingly, each dried
clay sample < 63 µm was heated (at 65 oC) during 12 h and, the temperature was measured
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at room temperature every 30 s until the sample temperature reached 30±1 oC. This was the
methodology applied in the studies presented by paper I (section 4.2) and II (section 5.3.5).
However, the measurement conditions were far from those present during the application
of a thermotherapeutic clay. The sample is placed inside of a plastic container which tem-
perature is not controlled. If this temperature is much lower than the skin temperature then
the cooling rate will be much higher than the one expected in the intended conditions. Fur-
thermore, the sample is tested dried when for its application the preparation of a clay-water
paste is required.
For the presented reasons, the methodology adopted in the late stage of this research was
based on the studies made by Cara et al. (2000b) and Legido et al. (2007). Accordingly, the
measurements were made on previously heated (at 70 oC) clay-water pastes, maintained in
Teflon containers on a closed thermostatic bath (at 35 oC) (figure 3.9). This was the followed
methodology on paper IV (section 7.2.3). Consequently, more reliable results were obtained
for the cooling parameters.
Differential scanning calorimetry
Differential scanning calorimetry (DSC) was used to assess the specific heat (section 1.2.4).
This method is used for measuring the energy added to a sample and reference it as a function
of temperature. Because it can directly quantify the enthalpy of a particular reaction, DSC
is the most suitable method for measuring the samples heat retention capacity (Plante et al.,
2009). The total amount of energy consumed/released during the reaction is obtained by
integrating the resulting DSC peaks. From these, the specific heat can be inferred by taking
into account the mass of the sample before each reaction.
It is a quite inexpensive technique requiring little sample preparation. It is rapid, gives
reproducible results and is information rich (Plante et al., 2009). Also, it yields a wide range
of temperature applicability and excellent quantitative capability.
3.3.2 Innovative methodologies
Innovative methods allowed the characterization of the samples in terms of their powder
flowability, physical stability and viscosity (figure 3.6). They include the pharmacotechnical
tests described below.
Compressibility index test
Compressibility test was used to determine powder flowability (section 1.2.5).
The powder flow characterization is performed by means of two important indices, calcu-
lated using the measured bulk volumes and corresponding densities (EUP, 2007; USP, 2010).
The Carr’s compressibility index is the simplest way to quantify the free flow of a powder.
In addition, the Hausner’s ratio is a powder flow index which relates the inter-particulate
friction. Although there are some variations in the method of determining the Carr’s index
and the Hausner ratio, the basic procedure is to measure the unsettled apparent volume and
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(a) Heating of clay-water pastes for cooling mea-
surements
(b) Measurement of the clay-pastes initial tem-
perature (before cooling)
(c) Measurement conditions during the cooling
test
(d) Clay-water paste remotion after cooling test
measurement
Figure 3.9: Steps in the preparation and performance of cooling tests
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the final tapped volume of the powder after tapping the material until no further volume
changes occur (USP, 2010).
More details regarding the use of this method are put forward in paper III (section 6.2.3).
Sediment volume test
Sediment volume test was performed to assess the physical stability of clay-water dis-
persions (section 1.2.5). The methodology followed the indications of the Real Farmacopea
Espan˜ola (RFE, 2005). Sediment volume is commonly used by pharmacists to assess the
amount of flocculation in the system. Thus, it predicts the effect that flocculation has on the
structure and volume of the sediment (Gennaro, 1998; Martin, 1993).
The sediment volume is determined by keeping clay-water dispersions stored undisturbed
at room temperature for a long period of time after which the separation of clear liquid is
noted (figures 3.10a, 3.10b). This procedure was used in the study reported by paper IV
(section 7.2.4).
Brookfield viscosity test
Brookfield viscosity test was used to determine the apparent viscosity of the clay-water
dispersions (section 1.2.5). The methodology is according to the standard defined by (ASTM,
2010a) which recommends measurements of apparent viscosity at several rotational speeds
for a better characterization of non-Newtonian material.
The experimental parameters given by the viscometer model, spindle and speed have
effect on the measured viscosity. In fact, Brookfield viscometers can yield widely-varying
viscosity values depending on the type of test method employed (figures 3.10c, 3.10d). This
is an unfortunate consequence of the interaction between non-Newtonian structured fluids
and the undefined shear conditions of the typical Brookfield-type spindles. This can lead to
uncertainty and lack of confidence in measured viscosity values.
More detailed information about this procedure is provided in section 7.2.4.
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(a) Clay-water dispersions prepared for sediment
volume test
(b) Clay-water dispersions after 24h of undis-
turbed conditions for sediment volume test
(c) Apparent Viscosity measuring equipment (d) Brookfield viscosity test determination on
heated clay-water dispersions
Figure 3.10: Rheological tests performed on clay-water dispersions
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Summary of Paper I
This is a short-paper, published in Acta Geodynamica et Geomaterialia, the journal of
the Academy of Sciences of the Czech Republic in April 2005 (Rebelo et al., 2005). It was
a preliminary study where the relevant mineralogical, physical and technological properties
for pelotherapy, of eight representative samples, were assessed. Studied materials included
samples C-Tv1, C-Tv2, J-Fr , M-To, J-Da, J-Ab, M-Ga and, M-Pe1.
Despite different genesis, all the studied materials exhibited high clay fraction content.
Clay minerals such as illite, kaolinite, chlorite and smectite were identified in variable propor-
tions. High proportions of Ca-smectite and mixed-layer illite/smectite in the clay fraction,
were observed in the majority of the samples. The assessed physical and technological prop-
erties (plasticity, cation exchange capacity, water absorption, abrasivity and cooling) were
comparable with those of peloids commonly used in the Portuguese Spa-Centres (Silva et al.,
2001). Because of their relevant mineralogy and technological properties the clay pastes J-Ab
and J-Fr were considered candidate materials. Some limitations concerning the granulometry
(low clay-fraction content) and heat capacity were detected in a possible candidate sample
(M-To).
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Chapter 4
Some Portuguese clay sediments
used as raw materials for curative
clay pastes: a study of physical and
technological properties
4.1 Introduction
The pastes prepared with high quality bentonites are suitable for use in both internal and
external therapeutic applications since historical times. Their typical properties, mainly high
swelling, heat retention, and ease of handling have been characterized empirically only. The
pelotherapy of rheumatism, arthritis and bone-muscle traumatic damages as well as the treat-
ment of skin diseases and cosmetic cleaning masks, have been successfully applied (Ferrand
and Yvon, 1991; Yvon and Ferrand, 1996; Cara et al., 2000a, b; Veniale and Setti, 1996). In
Portugal, there are several natural occurrences of clays/mudstones which are used for these
purposes, either indoor in Thalassotherapy Centres and Thermal Spas, or outdoor, in natural
sites (Gomes et al., 2002, 2003), generally located near the seaside (e.g. beaches and coastal
lagoons). Peloids and paramuds, the latter representing peloid and paraffin admixtures, are
commonly applied for arthritis and bone-muscle traumatic damages. Clay-water baths are
successfully used to recover lipo-dystrophies and cellulitidae, strongly affecting human living
quality.
Thermal muds (peloids) prepared with appropriate clay separates from clay sedimentary
rocks, have been recently tested for physical and mechanical properties and compared with
peloids commonly used in the proximal spas. The aim of this study is the assessment of their
mineralogical, physical and technological properties relevant for the pelotherapy.
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4.2 Materials, Methods and Results
The tests have been performed in eight representative samples from Mesozoic-Cenozoic
clayey formations at Torres Vedras (C-Tv1, C-Tv2 and J-Fr) and Vimeiro (J-Da and J-Ab)
near Lisbon, Penedo Beach near Setu´bal (M-Pe1), Gale´ Beach near Sines (M-Ga) and, Mon-
fortinho near Castelo Branco (M-To). The location of the studied samples is shown in
figure 3.1.
Outcrops of grey-coloured marly clays (Monfortinho), red-brownish clayey sandstones
(Torres Vedras), grey marls and marly clays (Vimeiro), dark clays (P.Setu´bal) and clayey
fine-grained sandstones (Gale´ Beach) are illustrated in figure 4.1. For comparison, were also
included data selected from other sites with indoor commercial applications (Silva et al.,
2001) as occurs in Vale dos Cucos Thermal Spa (near Torres Vedras), Serra de Dentro (in
Porto Santo Island, Madeira Archipelago) and Vale das Furnas Thermal Spa (in Sa˜o Miguel
Island, Azores Archipelago) or sites where outdoor empirical applications are made, such as
in the beach areas (Gomes et al., 2002) including Meco Beach (near Costa da Caparica),
Consolac¸a˜o Beach (near Vimeiro) and Parede Beach (near Lisbon).
(a) Monfortinho Miocene marly clays (b) Torres Vedras Lower Cretaceous clayey sand-
stones
(c) Vimeiro Jurassic marls/marly clays (d) Gale´ Beach (Sines) Miocene clayey fine sand-
stones
Figure 4.1: Studied outcrops.
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Particle Size Distribution was assessed using wet sieving and an X-ray grain size analyzer
(Sedigraph, 5100 of Micromeritics). Each sample was dried, washed with distilled water,
and sieved under water to separate the silt/clay sized fraction. Semiquantitative mineralog-
ical analyses of both fractions were performed by XRD using randomly-oriented powders
(< 63 µm) and oriented aggregates (< 2 µm). Some criteria recommended by (Barahona,
1974; Schultz, 1964; Thorez, 1976; Mellinger, 1979; Pevear and Mumpton, 1989) were fol-
lowed. Results from particle size and mineralogical analyses are enclosed in table 4.1. Major
elements analyses of clays (not shown here) were carried out by X-ray fluorescence and flame-
spectroscopy methods (the latter only for Na and K). Exchangeable cations were determined
by flame-spectroscopy and atomic absorption method and are also presented in table 4.1.
Table 4.1: Particle size distribution, mineralogical and Cation Ex-
change data of analysed samples.
C
-T
v 1
C
-T
v 2
J-
Fr
M
-T
o
J-
D
a
J-
A
b
M
-G
a
M
-P
e 1
< 63 µm 89 63 96 39 53 72 11 60
< 2 µm 50 35 55 36 42 37 68 63
Smectite (wt%) 10 5 25 20 25 50 15 61
Exchangeable cation Ca Ca Ca Ca Ca Ca Mg Ca
Technological properties of these clays, such as cation exchange capacity (CEC), specific
surface area (SSA), plasticity index (P.I.), abrasivity index (A.I.), heat diffusiveness (H.D.)
and specific heat (S.H.) have been assessed earlier. The CEC was estimated by the ammonium
acetate method. Abrasivity index was measured with an Einlehner AT-1000 instrument.
The plastic and liquid limits (and plasticity index) were determined in accordance with the
Portuguese norm NP 143-1969. Heat diffusiveness was assessed by a Dual thermometer.
Results are depicted in table 4.2.
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Table 4.2: Main physical and technological properties of the studied samples.
Sample
P.I. A.I. C.E.C. S.S.A. S.H. H.D.
(%) (mg m-2) (meq/100) (m2 g−1) (J g−1 oC−1) (min)
C-Tv1 23 0.16 17.2 n.d. n.d. 27.5
C-Tv2 8 0.21 8.4 n.d. n.d. 23.0
J-Fr 17 0.16 16.0 n.d. n.d. 29.0
M-To 35 0.11 20.2 n.d. n.d. 19.5
J-Da 10 0.17 12.8 n.d. n.d. 27.5
J-Ab 14 0.19 25.0 n.d. n.d. 29.0
M-Ga 10 0.01 11.8 n.d. n.d. 27.5
M-Pe1 22 0.22 13.4 n.d. n.d. 19.5
Meco* 34 0.27 18.6 14.5 1.22 18.0
Consolac¸a˜o1* 17 0.15 17.3 6.9 1.20 19.5
Consolac¸a˜o2* 21 0.14 16.9 20.9 n.d. 15.5
Consolac¸a˜o3* 18 0.24 12.4 20.9 n.d. 17.0
Parede1* 11 0.11 24.2 15.5 1.46 16.0
Parede2* 9 0.32 6.1 5.5 n.d. 14.0
Srra de Dentro* 161 0.11 89.0 79.0 3.55 25.0
Vale das Furnas* 60 0.15 25.0 50.0 3.15 16.5
Vale dos Cucos* 8 0.35 11.0 18.0 3.45 19.8
n.d. not determined; P.I. Plasticity Index; A.I. Abrasivity Index; C.E.C. Cation Exchange
Capacity; S.S.A. Specific Surface Area; S.H. Specific Heat; H.D. Heat Diffusiveness
* samples were obtained from similar studies (Reis, 2005; Gomes et al., 2002; Silva et al.,
2001)
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Summary of Paper II
This is a full-paper published in Clay Minerals, the journal of Mineralogical Society and
European Clay Groups in February 2010 (Rebelo et al., 2010). This study was previously
presented in a oral presentation during the EUROCLAY 2007 Conference, which deserved
the Best Student Oral Presentation Award by ECGA (European Clay Groups Association).
It corresponded to a more complete mineralogical and physicochemical characterization of
the materials. Were included candidate materials and other studied clayey materials which
needed a more accurate examination. New seven representative samples were studied with
the main goal of gaining insight into their compositional and technological properties. They
included samples J-Co, C-Lu1, C-Lu2, C-Pm, A-Be2, A-Be3 and A-Pe, some of which are
known for their therapeutic properties since historical times.
Samples were characterized by high silt-clay fraction and low phyllosilicates contents.
Quartz and iron oxides were always present and sometimes in high proportions. Significant
contents of calcite were observed in a few samples. The main clay mineral is illite, usually
accompanied by lower quantities of kaolinite. Chlorite and smectite are less common minerals,
appearing in low quantities. High smectite and palygorskite contents were observed in samples
A-Be2 and M-To. SEM-EDS analysis confirmed the existence of abundant dioctahedral clay
particles, the majority belonging to the illite-muscovite group. SEM images showed two
representative morphologies, comparable to those exhibited by illitic and smectitic clays.
Analysed smectites belong to the beidellite-montmorillonite series.
The geochemistry was according to the mineralogical composition and presented some
essential elements to health. However, the high Cr content of samples A-Be2 represented
some safety concern. Potentially toxic elements for cosmetic use were identified (Zn, Cu, Pb
and As) but their concentration was not considered dangerous.
Specific surface area, cation exchange capacity and the resulting technological properties
were negatively influenced by the compositional features of the samples. The small amounts of
phyllosilicates and clay-fraction, abundance of calcite, quartz and other non-clay constituents
were the ones that mostly affected the referred properties. Some candidate samples were
selected as they met both adequate compositional and technological features. Samples C-Lu1,
M-To, A-Be2 and A-Pe showed adequate plasticity index and water absorption as well as
low abrasiveness index. Since the cooling rate was adequate for the majority of the samples,
samples were considered suitable especially for treatments involving the heat. Bentonitic
materials (A-Be2 and A-Pe) were the most suitable for pelotherapy applications.
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Chapter 5
Mineralogical and physicochemical
characterization of selected
Portuguese Mesozoic-Cenozoic
muddy/clayey raw materials to be
potentially used as healing clays
5.1 Introduction
Clay minerals have been used for medicinal purposes since ancient times, although the
first uses were based on empirical applications . The growing interest in human health and
welfare has increased the study of clay minerals for therapeutic and aesthetic purposes.
Clay minerals are commonly used for the preparation of thermal muds, applied in geother-
apy or pelotherapy (Carretero, 2002). These applications are carried out in thermal centers
for the treatment of rheumatism, arthritis, bone-muscle traumatic damage and skin diseases,
as local or generalized cataplasms. Also, clay minerals are used in cosmetic cleaning masks
and in aesthetic clay-water baths to recover lipo-dystrophies and cellulitis. Pelotherapy (or
mudtherapy) is the use of clay pastes (also called thermal muds or peloids) for internal or
external therapeutic applications.
Thermal muds are hydrothermal pastes, produced by mixing clayey geomaterials with
salty thermo-mineral waters in a process known as maturation. It is usually used for its
stimulatory, anti-inflammatory and analgesic action. This therapeutic efficiency depends
mainly on the mineralogical and chemical composition of the clay, as well as its technological
properties (Ferrand and Yvon, 1991).
The main physicochemical properties shown by thermal muds are a large specific sur-
face area, high cation exchange capacity, high specific heat and small rate of heat diffusivity
(Carretero and Pozo, 2007; Legido et al., 2007; Tateo and Summa, 2007). Other parame-
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ters influencing thermal mud efficiency, such as a large content of swelling-exchanging clay
minerals and large clay fraction content, are also required as they are responsible for good
water/heat retention and absorptive capacity.
Good consistency and bio-adhesiveness, ease of handling, pleasant sensation when applied
to the skin, cooling kinetics and exchange capacity through mud/skin interface, are a result
of these properties and typical of a mature thermal mud (Veniale et al., 2004, 2007).
In the present work, the suitability of clays for therapeutic and aesthetic purposes was
assessed according to the following parameters: granulometry, mineralogy, chemistry and
physicochemical properties. These parameters are responsible for the therapeutic properties
of thermal muds with their application at thermal centers (Veniale et al., 2004, 2007; Carretero
and Pozo, 2007; Legido et al., 2007; Tateo and Summa, 2007).
Over the past three years, our research has been aimed at gaining insight into the physic-
ochemical and mineralogical properties of some Portuguese Mesozoic-Cenozoic clayey mate-
rials, some of which have had therapeutic outdoor applications in historical times (Rebelo
et al., 2005; Terroso et al., 2006). Hence, our main goal was the selection of potential suitable
materials for the formulation of thermal muds and promoting their application in Portuguese
thermal centres. Taking into account that the studied materials may require initial separation
of the silt-clay fraction (< 63 µm) to allow application of clay paste without disturbing the
treatment, this study focused on the silt-clay fraction.
5.2 Materials
We have studied samples from selected smectite-bearing Portuguese Mesozoic-Cenozoic
sedimentary formations (Oliveira et al., 2002). Diverse geomaterials with empirical applica-
tions were collected from Jurassic to Miocene age deposits (Rebelo et al., 2005) near thermal
centres and beaches (figure 3.1).
Jurassic materials were collected near Vimeiro thermal centre and at Consolac¸a˜o beach.
They include Dagorda grey marls (J-Da), Abadia marly clays (J-Ab) and Consolac¸a˜o dark
marly clays (J-Co). Lower Cretaceous clayey materials were collected at Burgau beach and
include green clays (C-Lu1, C-Lu2 and C-Pm). Miocene materials were collected near Mon-
fortinho thermal centre and Meco beach including: Sado Basin clayey sandstones (M-Ga),
Torre grey marls (M-To) and Penedo dark clays (M-Pe1). Finally, bentonitic materials were
collected near Nisa thermal centre and include alteration products of Benavila (A-Be2, A-Be3)
and Pedroga˜o (A-Pe) Hercynian eruptive rocks. The location of these geological formations
is shown in figure 3.1.
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5.3 Methods
5.3.1 Wet Sieving
Approximately 500 g of bulk sample was wet sieved with 1 litre of distilled water on a
< 63 µm sieve to separate silt-clay fraction (< 63 µm) from sand-gravel fraction (< 63 µm).
After drying at 50–60oC, the silt-clay separated fractions were weighed and analysed. In
samples J-Da, J-Ab, M-To and M-Ga, the cementing minerals were removed before wet
sieving. The grain-size distribution was determined using an X-ray Sedigraph 5100 grain size
analyser.
5.3.2 XRD Analysis
Mineralogical analysis was carried out by X-ray diffraction (XRD) analysis with a Philips
X-Pert diffractometer, using Cu-Ka radiation. Random powder diffraction was used in the
silt-clay fraction study (< 63 µm). Air-dried and ethylene glycol solvated oriented aggregates
of the clay fractions were prepared on glass slides. All oriented clay fractions were submitted
to thermal treatment (300o and 500oC).
Semiquantitative estimates of the silt-clay fraction and clay mineral assemblages were
achieved by measuring diagnostic peak areas which were determined by considering the full
width at half maximum (FWHM), and then weighted by empirically estimated factors or
reflection powers (Schultz, 1964; Biscaye, 1965; Galhano et al., 1999; Oliveira et al., 2002).
The quartz content was estimated from the 4.26 A˚ reflection region, to avoid mica interference.
The peak area of the most intense reflection of phyllosilicates at a d value of 4.46 A˚ in non-
oriented preparations was used to estimate the total proportion of clay minerals. Percentages
of the different clay minerals were then obtained from the peak areas of diagnostic basal
reflections of minerals in the diffractograms of the ethylene glycol solvated oriented aggregates.
Given the uncertainties of the semiquantitative method, the results obtained should only be
taken as rough estimates of mineral percentages. However, it was considered enough to
define assemblages because presence/absence or dominant/subordinate relationships clearly
allowed the establishment of distinct clay groups. The value of d060 was used to determine
the octahedral character of all samples.
5.3.3 XRF and Flame Photometric Analysis
Chemical compositions of major, minor and trace elements were determined by X-ray flu-
orescence (XRF) and flame-photometric methods, using a Philips PW1404 X-ray fluorescence
spectrometer and a Coring 400 flame photometer (for Na and K).
5.3.4 EDS-SEM Analysis
Chemical analyses were also carried out on the clay fractions with a scanning electron mi-
croscope (SEM) equipped with an energy dispersive X-ray spectrometer (EDS) which allowed
image analysis of the surface of the clay minerals (Delgado et al., 1992). The clay fraction
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(< 2 µm) was separated by sedimentation according to Stokes’ Law. 10 g of the silt-clay
fraction of each sample, previously disaggregated with a porcelain mortar, were added to a
test tube with 1000 ml of distilled water. To assess surface morphological properties and
chemical analysis of clay particles, a portion (± 1 g) of the clay fraction (powder) was fixed
on a carbon sticker and then covered with graphite film. Criteria for clay mineral morphol-
ogy, proposed by Henning and Sto¨rr (1986), were used in the interpretation of the electron
micrographs. EDS chemical analyses were carried out on the surface of the clay particles.
5.3.5 Physicochemical Properties
Specific surface area was determined by BET using Micromeritics Instrument Corpora-
tion Gemini II 2370 equipment. Cation exchange capacity was determined by the ammonium
acetate method and exchangeable cations by atomic absorption spectrophotometry using
GBC 906 Scientific Equipment. The plasticity index was calculated from Atterberg limits
(Portuguese norm NP 143-1969) and the Casagrande test. The abrasiveness index was de-
termined using Einlehner AT 1000 equipment and the swelling index according to the LNEC
E200-1967 norm (Portuguese version of ASTM D4829-95 standard test method for expansion
index of soils). The specific heat was determined on dried samples by differential scanning
calorimetry (Shimatzu DSC-50) and heat diffusiveness by heating the dried sample in a small
Teflon container up to 60 oC and measuring the decrease of temperature to 30 oC at room
temperature (cooling rate) with a Dual Thermometer LT Lutron TM-906A.
5.4 Results
5.4.1 Grain-size Analysis
In general, samples contain more than 50% of the silt-clay fraction, except for M-To,
M-Ga, A-Be2 and A-Pe (figure 5.1). The clay fraction content is greatest in J-Co, C-Pm,
C-Lu1 and C-Lu2.
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Figure 5.1: Grain-size distribution assessed on silt-clay fractions.
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5.4.2 Mineralogical Composition (< 63 µm)
For the majority of samples, the phyllosilicates content is ≈ 50%, always accompanied
by some quartz (table 5.1). Other detrital minerals, such as K-feldspar and plagioclase, are
abundant, especially in samples J-Da, J-Ab, C-Lu2, M-To, M-Pe1 and A-Be3. In fact, only
J-Co, C-Pm, C-Lu1, M-Ga and A-Be2 have small quartz contents (A-Be2 is quartz free).
Carbonates, such as calcite and dolomite, are also present in all samples except for C-Lu2
and M-To (table 5.1). Calcite is the most common carbonate, being abundant in J-Co,
C-Pm, C-Lu1 and A-Be3 while dolomite and siderite are present in a few samples. Fe oxides
are present in all samples, especially C-Lu1 and C-Lu2. Cristobalite, anhydrite and halite
are present in trace amounts in a few samples. Hornblende was determined only in A-Be2.
The most common clay mineral is illite, usually accompanied by kaolinite and, in a few
samples, smectite (table 5.1). The exceptions are M-Ga, in which kaolinite is more common,
and A-Be2 and A-Pe, in which smectite is the main clay mineral. Chlorite is also present
in a few samples but is never > 10%. Palygorskite is the less common clay mineral. It was
observed on M-To and A-Be2, never > 20%. Therefore samples C-Lu1 and C-Lu2 can be
classified as illitic clays, M-Ga is kaolinitic and A-Be2 is smectitic. Nevertheless illite is the
most common clay mineral among the studied samples.
According to the d060 reflections, all samples were characterized mainly by dioctahedral
clay minerals, the most common being illite-muscovite. In A-Be2, A-Pe, A-Be3 and J-Ab the
most abundant mineral is smectite. Trioctahedral/di-trioctahedral clay minerals were also
determined in M-Pe1 and M-To (minor biotite and palygorskite).
5.4.3 SEM-EDS Analysis
SEM images of clay particles showed two representative morphologies (figure 5.2). Sam-
ples with greater illite contents, such as C-Lu1 and C-Lu2, are characterized by elongated
and transparent platy particles with irregular contours. EDS analysis showed an abundance
of K, Fe and Ca, confirming the presence of illite.
In smectitic samples, such as A-Be2, A-Pe and A-Be3, the surface of larger clay particles
display a scaly arrangement, often with folded contours. EDS analysis of these particles
showed the presence of Ca and Mg. Na is a less common element observed in EDS spectra.
It is common in illitic samples whereas in smectitic it was observed only in A-Pe.
The SEM studies confirmed the abundance of illite in the samples analysed. Isolated
smectites particles and fibrous morphologies were not observed in samples M-To and A-Be2.
EDS analysis confirmed that the phyllosilicates analysed have large K, Mg, Ca and Fe con-
tents. These EDS results, together with XRD d060 reflections, showed that some of these clay
particles are dioctahedral smectites from the beidellite–montmorillonite series.
5.4.4 Chemical Composition
Silica is the more abundant major oxide, except for sample C-Pm which contains abundant
carbonates (table 5.2). The greatest SiO2 contents were observed in J-Da, M-To and M-Pe1,
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(a) A-Be2 (b) J-Co
(c) A-Be3 (d) C-Lu2
(e) A-Pe (f) C-Lu1
Figure 5.2: Representative SEM images of clay particles.
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while Al2O3 and Fe2O3 are present in minor quantities. M-Ga is the more aluminous and
A-Be2, C-Lu2 and C-Lu1 are the more Fe-rich samples. Ca, K and Mg are the less abundant
major elements. Exceptions are observed in those samples rich in carbonates (J-Co and
C-Pm). Na and Ti are present in trace quantities, with M-Ga having a greater Na content.
Loss on ignition (LOI) is usually ≈ 10%, but in J-Co, C-Pm and M-Ga it reaches 20%.
Barium is the most abundant trace element, reaching 300 ppm on average. Sample A-Be2
has a greater Cr content (figure 5.3). Among the chemical elements which are potentially
toxic and not allowed in cosmetic products, Zn and Cu are considered to be the main haz-
ardous ones. They exhibit the greatest values compared with As and Pb. Apparently, these
concentrations are not considered dangerous, although in sample M-Pe1, Cu is abundant
(553 ppm).
!
Figure 5.3: Trace elements in the samples studied. Potentially toxic elements are marked by
asterisk (*).
5.4.5 Physicochemical Properties
Specific Surface Area
The majority of samples (figure 5.4) exhibit specific surface area (SSA) values of≈ 20 m2 g−1
(C-Pm, C-Lu1 and C-Lu2 have greater values). There is a positive relation between SSA val-
ues and clay fraction content, mainly in samples which contain illite as the main clay mineral
(figure 5.5).
Cation Exchange Capacity
The cation exchange capacity (CEC) of the samples investigated (table 5.3) is< 20 meq/100 g
(J-Ab, M-To, A-Be2, A-Be3 and A-Pe have greater values). The CEC values seem to be as-
sociated with the smectite content. The main exchangeable cation is Ca2+ except for C-Pm,
C-Lu1, C-Lu2 and M-Ga in which the main exchangeable cation is Na
+ and in A-Be2 and
M-To which have abundant exchangeable Mg2+ and Ca2+.
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Figure 5.4: Distribution of specific surface area in the studied samples.
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samples studied.
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Technological Properties
The plasticity index varies generally between 10 and 20% (M-To and A-Pe showing greater
values). Liquid limits (LL) are > 50% in C-Lu2, M-To, M-Pe1, A-Be2, A-Be3 and A-Pe, the
last one showing LL > 100%. Plastic limits are ≈ 30%, being greater in those samples with
higher LL values (table 5.4). When projected onto a Casagrande Chart (figure 5.6), only
three samples (A-Be2, M-To and A-Pe) can be classified as high-plasticity clays.
!
Figure 5.6: Projection of plasticity indices and liquid limits in the Casagrande chart. Line A
is an empirical boundary for classification of cohesive soils (Bain, 1971). CH, high-plasticity.
clays; CL, low-plasticity clays; ML and MH, silt and organic soils of low and high plasticity.
The swelling index values are usually ≈ 30% and only A-Be2 reaches 50%. The abra-
siveness index (table 5.4) is ≈ 0.15 g m-2 in the majority of the samples, with J-Co, C-Pm,
C-Lu1 and M-Ga being less abrasive.
Thermal Properties
The samples usually cooled from 60 to 30 oC within 15–30 min (figure 5.7). The smallest
cooling rate was observed for A-Be2 (cooling achieved in 30 min) and the greatest rates
were observed for C-Pm, C-Lu1 and C-Lu2. Specific heat values varied significantly and
occasionally exceeded 2 J g-1 oC-1. In sample A-Be2 the specific heat was almost 3 J g
-1 oC-1.
5.5 Discussion
5.5.1 Mineralogy and Geochemistry
Most of the samples have small proportions of clay (figure 5.1) and only a few can be
considered as clayey materials (C-Pm, C-Lu1, C-Lu2). This scarcity of clay particles, related
to the origin of the samples, influences some important technological properties, such as
specific surface area, cation exchange capacity, consistency and abrasiveness. The Fe content
of sample A-Be2 is related to the presence of an Fe-rich montmorillonite, which is typical of
hydrothermal alteration of eruptive rocks (Weaver & Pollard, 1975) cropping out in the areas
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Figure 5.7: Heat diffusiveness and specific heat values of the studied samples.
studied. This fact can also explain the greater than expected value for Cr (0.104% in the
bulk sample). According to Weaver & Pollard (1975), Cr2O3 is present in some Fe-bearing
dioctahedral montmorillonites/nontronites which are associated with altered basalts (Koster,
1960). Furthermore, this is a typical concentration for ultrabasic magmatic rocks (Carretero
and Pozo, 2007). Before assessing Cr toxicity and bioavailability, it is important to determine
its oxidation state (Cr4+ or Cr6+) since this determines its toxicity. This will take place in
further work.
The concentration of Cu is eight times the normal concentration of Cu in soils (Carretero
and Pozo, 2007). This may be related to the weathering of sulphides. Although in sample
M-Pe1 pyrite and chalcopyrite were not detected, the surrounding rocks contain up to 8%
of these minerals (Silva, 1999). Sample M-Pe1 could be toxic for these applications and the
bio-availability of Cu must be checked, especially considering that this sample is being used
in empirical applications.
According to European directives, trace elements such as As, Se, Cd, Hg, Te, Tl and Pb
are not allowed in cosmetic materials, including clays and peats for pelotherapy (European
regulation n.85/391/CEE, 86/179/CEE and 86/199/CEE). In addition, Canada and United
States F.D.A. (Food and Drug Administration) regulations also state that heavy metal con-
centrations in cosmetic products must be avoided if they exceed 10 ppm in the case of Pb,
3 ppm for As, Cd, Hg and 5 ppm for Sb.
From a geochemical standpoint the concentrations of Pb and As in the samples studied
approximate to their abundances in Earth’s upper crust (Li, 2000) as well as to those obtained
in commercial muds and face masks made from material sourced from the Dead Sea (Abdel-
Fattah and Pingitore, 2009). However, from a risk standpoint, only sample A-Be2 meets the
56
5.5. DISCUSSION
US and Canada regulations regarding the abundances of As and Pb.
5.5.2 Physical and Chemical Properties
The specific surface area is typical of illitic clays (Carretero and Pozo, 2007) and is also
related to the sizes of the clay fraction. This is the reason why samples such as A-Be2
and A-Pe, although having large smectite contents in the clay fractions, have small specific
surface area values due to their small clay fraction content. The cation exchange capacity
is also typical of illitic clays (Carretero and Pozo, 2007), although on the more carbonated
samples (C-Pm, C-Lu1, C-Lu2 and J-Co) larger values were expected (Dohrmann, 2006).
In these cases, CEC and exchangeable cation values are often inflated to a large extent,
because carbonates are partially dissolved during the exchange experiments and interact
with electrolyte-rich solutions.
The sum of exchanged cations is not equivalent to the cation exchange capacity (table 5.3).
After redistributing the number of soluble cations it was shown that only a few of the cations
determined result from ion exchange. In fact, the majority of Ca2+ ions determined is in
excess and results from carbonate dissolution (figure 5.8). In the particular case of Na+, its
excess can also result from the interaction with seawater in samples for which the location is
near or inside tidal zones.
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Figure 5.8: Relationship between exchangeable cations and soluble cations (Extracted
from Health Canada Draft Guidance on Heavy Metal Impurities in Cosmetics on www.hc-
sc.gc.ca/cps-spc/legislation/consultation/ cosmet/metal-metaux-consul (07-08-2009).
In sample M-Ga the main exchangeable cation is Mg2+, whereas in samples J-Co and
M-Pe1 they are Na
+ and Ca2+. Samples C-Pm and C-Lu1 are poor in Na
+. Finally in
samples A-Be3, A-Be2 and A-Pe, the main exchangeable cation is Ca
2+ due to the presence
of abundant smectite. In samples M-Ga, J-Co, M-Pe1, C-Pm, C-Lu1, A-Be3, A-Be2, A-Pe
and M-To the sum of exchangeable cations is smaller than the CEC. According to Roth et al.
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(1969) and Zhuang and Yu (2002), positively charged coatings such as metal oxides may
be adsorbed on clay particle surfaces and thus they may partly balance the negative layer
charge. These positively charged coatings may be dissolved, liberating negative charges and
increasing the CEC (Favre et al., 2006).
The plasticity indices and Atterberg limits are small, even for illitic materials (only sam-
ples A-Be2, M-To and A-Pe have high plasticity), probably due to the large number of
non-clay components. The same is also observed for swelling properties. In terms of water
absorption, the smectite-rich A-Be2 and A-Pe display maximum adsorption although the
observed swelling is smaller than expected for smectite-rich materials. The quartz-rich sam-
ples exhibit larger values of abrasivity (table 5.1). In sample A-Be2 which is quartz-free, the
abrasivity observed is due to the presence of mafic minerals. Thermal properties are adequate
in almost all samples because the common duration of a treatment by application of clays
varies typically between 15 and 30 min. Only C-Pm, C-Lu1 and C-Lu2 have cooling rates
that could be considered inadequate. Specific heat values are also in accordance with those
of typical therapeutic clays (Carretero and Pozo, 2007), although samples J-Co and M-Pe1
have specific heat values which are too small for these applications.
5.6 Future Work
The small phyllosilicate content is a remarkable characteristic of the samples examined.
According to Veniale et al. (2007), this disadvantage can be improved by blending with a
phyllosilicate-rich clayey material. Also, the physicochemical properties can be improved
during maturation. Further research will establish the effect of the admixture of clayey ma-
terials with minero-medicinal water of different characteristics and phyllosilicate-rich clayey
material. On the other hand, the determination of rheological properties will allow the as-
sessment of the efficiency of these clays for topical treatment, since this property suggests
their suitability for treatment (Carretero and Pozo, 2007). Furthermore, other important pa-
rameters for evaluating the effectiveness of thermal mud applications on the body skin, such
as bio-adhesiveness and adsorption capacity, need to be assessed. In order to address other
important aspects referred to in the present work, the mobility of some potentially hazardous
chemical elements such as Cr and Cu needs to be assessed by leaching and bio-availability
tests (Tateo and Summa, 2007).
5.7 Conclusions
The samples studied here have a medium to small phylllosilicate content and contain a
relatively small amount of swelling clay minerals with CEC. The clay fraction content is also
small, and some abrasive minerals are present. The chemical composition varies considerably,
but concentrations of hazardous elements present a limited risk. These compositional and
textural characteristics affect some relevant parameters required for therapeutic use. In
fact, the samples exhibit small specific surface areas and low cation exchange capacities.
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However, they still have good application potential, especially in applications which require
thermal properties and consistency. A summary of the physicochemical properties obtained is
depicted in table 5.5. Based on their properties, for therapeutic/ cosmetic purposes bentonitic
materials are the most suitable for the formulation and warm application of both geotherapy
and pelotherapy. Nonetheless, the remaining groups may also be suitable, especially for heat
treatments.
Table 5.5: Overall physicochemical properties of the studied samples.
Surveyed parameters Established Properties
Composition and texture
Small amount of clay particles
Abundant detrital minerals and carbonates
Small amount of phyllosilicates
Small smectite content
Essential elements such as Si, Al, Ca and Fe are present
Hazardous elements present at normal values
Absorption and exchange
Low specific surface and swelling capacity
Small cation-exchange capacity
Samples exchange mainly Ca2+
Application and Topical Use
Good plastic properties
Some abrasivity is expected
Good heat retention capacity
No fibrous morphologies
Elongated particles and thin particles
Scarce smectite particles (montmorillonite)
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Summary of Paper III
This full-paper was published in the Elsevier’s Applied Clay Science Journal in January
2011 (Rebelo et al., 2011a). This study aimed the characterization of some pharmaceutical
technical specifications, required by famous pharmacopoeias for cosmetic usage (EUP, 2007),
(USP, 2010). Six candidate materials selected from the previous studies (Rebelo et al.,
2005, 2010) and another fourteen new samples were included. Similarly to the previous
studies, mineralogical, textural and chemical characterization was performed. The newly
introduced samples were known by their history in empirical therapeutic applications as well
as commercial products.
Samples presented high amounts of quartz, usually accompanied by reasonable quantities
of feldspars and plagioclases. Iron oxides were present in all samples and calcite was abundant
when detected. The main clay mineral was white mica/illite, accompanied by lower quantities
of kaolinite. High crystallinity white micas were identified in the Lusitanian basin sediments.
Smectite, chlorite and, less frequent, palygorskite was detected among some samples, usually
in small amounts. Smectite and palygorskite reached higher proportions in a few samples
(Pa-Sa, M-To, A-Be1 and A-Sd). The analysed commercial product was a distinctive mate-
rial, presenting a very high carbonate content. TEM analysis identified white micas as the
most common clay particle among Lusitanian basin sediments while beidellite was frequent
in the remaining sediments. Due to their adequate mineralogical composition, samples J-Fr ,
C-Ro, Pl-Ba, C-Lu1, Pa-Sa, M-Xa, A-Be1 and A-Sd were selected as candidate samples for
therapeutic applications.
The majority of samples were quite rich in silty and sandy particles, presenting small
amounts of clay fraction. For that reason, only samples J-Fr , C-Tv1, C-Av , Pl-Ba, C-Lu2
and C-Lu1 were considered adequate for the intended purposes. SEM-EDS analysis showed
that the majority of clay particles were disposed in aggregates, variable in shape and size. The
chemical composition of the samples was directly related with their mineralogical composition.
Samples were very rich in SiO2 and lesser in Al2O3, presenting highly variable Fe2O3 content.
Trace elements safety limits were discussed accordingly to the three categories recently defined
by EMEA (2008) and USP (2010) regulations. They exhibited normal values for sediment
samples but anomalies for As and Cr contents were detected. The presented limits were
according to those currently defined as acceptable for pharmaceuticals and cosmetics. There
is no high risk of toxicity by As, and normal to low toxic concentrations were observed in the
majority of samples.
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Concerning flowability, samples showed poor flow properties and they were recommended
to be used as bulk as possible. Because they meet the adequate compositional, textural and
flow properties for pharmaceutical and cosmetic uses, samples J-Fr , C-Av , Pl-Ba, C-Lu1,
M-Xa and A-Sd were selected as the best candidate samples.
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Chapter 6
Characterization of Portuguese
geological materials to be used in
medical hydrology
6.1 Introduction
Healing muds are dispersions composed by geological materials dispersed in salty or min-
eral waters (Veniale et al., 2004). These therapeutic materials are used in medical hydrology
therapies because of their particular properties. These properties result from their chemical
and mineralogical characteristics (Carretero and Pozo, 2007; Gomes and Silva, 2007; Tateo
and Summa, 2007; Veniale et al., 2007) as well as other synergistic mechanisms such as ther-
mal, mechanical and biochemical factors (AAVV, 2004; De Bernardi and Pedrinazzi, 1996;
Tateo et al., 2009)
To be used in therapy, geological materials must comply with a number of specifications
(Lo´pez-Galindo et al., 2007). Clays used as pharmaceutical raw materials must be safe (Com-
munity Directive 2001/ 58/EC; US Department of Labor, OSHA CFR 1910.1200). They must
comply with several requisites including the accurate identification of the substance, composi-
tion, hazards identification, handling and storage, physical and chemical properties, stability
and reactivity, and toxicological information. The presence of quartz and fibrous minerals has
to be avoided or limited (Lo´pez-Galindo et al., 2007). In addition, as natural materials, the
presence of major and trace elements on these muds must be carefully controlled because of
their potential hazardous or beneficial effects on health (Jobstraibizer, 1999; Minguzzi et al.,
1999; Sa´nchez et al., 2002; Summa and Tateo, 1998; Veniale, 1999; Veniale et al., 1999, 2004).
Besides these safety requirements, the possible uses of raw clay pharmaceutical materials
will depend on their technical properties, which will determine their intended or recommended
final uses (EUP, 2007; USP, 2010). Therapeutic muds are semisolid products administered
topically. Consequently, they must be optimized to satisfy a number of technological features
regarding manipulation, administration and effect (Viseras et al., 2007). On the other hand,
the presence of special clay minerals like kaolinite, talc, smectites, palygorskite and sepiolite
63
CHAPTER 6. PAPER III
is desired because of their colloidal dimensions, high specific surface area, high cationic ex-
change and sorptive characteristics. These well appreciated characteristics also lead to good
technical properties (Carretero et al., 2007; Veniale et al., 2004). Before their dispersion in
water, clay powders must flow adequately to allow their manipulation, and once dispersed in
the mineral water, the resultant mud must show optimal rheological attributes that assure
physicochemical stability. This avoids sedimentation of the solid phase, eases the handling
and application, besides leaving a pleasant sensation when the mud is spread on the skin.
With these premises, we studied some Portuguese clayey raw materials broadly used for
healing and other purposes (Gomes, 2002; Reis, 2005; Silva et al., 2001) which showed a
potential therapeutic interest for thermal centers. These studies revealed the great potential-
ities of Porto Santo Bentonite for complementary applications in treatments of rheumatic and
orthopedic disorders. Furthermore, they evidenced that some Portuguese common clays ex-
hibited relevant technological properties for pelotherapy applications. These materials were
considered in order to determine their suitability as potential components of therapeutic
peloids to be used in medical hydrology treatments. In addition, we compared them with a
clayey material commercialized in Portugal for healing and cosmetic purposes.
6.2 Materials and methods
The studied materials (table 3.1) were collected from various Portuguese formations (fig-
ure 3.1) because of their significant amount of clayey materials (Gomes, 2002; Oliveira et al.,
2002; Rebelo et al., 2005).
In the Lusitanian Basin, along the Western-Central border, clay-rich sediments from
Jurassic to Pliocene age were sampled. In particular, samples J-Bv (Boa Viagem), J-Fr
(Freixial) and J-Ab (Abadia) corresponded to clay-rich levels of Upper Jurassic formations
(Alves et al., 2002; Bernardes, 1992; Kullberg, 2000; Rocha et al., 1996). Samples C-Tv1
(Torres Vedras) and C-Ca (Figueira da Foz) were from Lower Cretaceous formations (Dinis,
1999; Kullberg, 2000; Rey, 2003). C-Ro (Rod´ısio) and C-Av (Aveiro) samples were collected
from Upper Cretaceous formations (Rey, 1999; Rocha and Gomes, 2002, 2003). Pl-Ba (Bar-
raca˜o) was from a Pliocene formation (Barbosa, 1983). Most of the samples are currently
used as raw ceramic materials (J-Fr , C-Tv1, C-Ca, C-Av and Pl-Ba) and sample C-Ro is
used empirically on Parede Beach (Lisbon) for the recovering of bone disorders (Reis, 2005).
In the Algarve basin, along the Southern border, Lower Cretaceous sedimentary clays
of the Wealdian (C-We) and Luz (C-Lu2, C-Lu1) formations (Rey et al., 2006) as well as
Miocene clayey materials of the Cacela (M-Ca) formation (Cacha˜o, 1995) were sampled.
C-We is broadly used as a ceramic raw material and C-Lu2 is employed for recovering skin
and bone disorders at Burgau and Luz Beaches (Gomes, 2002; Trindade, 2007).
In the Tagus Basin, Central Portugal, samples were taken from Paleogene sediments
belonging to the Sarzedas (Pa-Sa) formation (Cunha and Reis, 1985; Cunha, 1987), and
Miocene sediments of the Torre (M-To) formation (Cunha, 1996).
Miocene clayey sediments were also collected from another Tertiary basin, the Sado basin,
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located at Setu´bal Peninsula. They included two samples belonging to the Xabregas (M-Xa)
and Penedo (M-Pe2) formations (Antunes et al., 1992; Cotter, 1956; Romariz and Carvalho,
1961; Zbyszewski et al., 1965; Zbyszewski, 1967). Both of them are used at Costa da Caparica
and Meco Beaches for the treatment of skin diseases and aesthetic purposes (Gomes, 2002;
Reis, 2005).
In the Hercynian Massif, at Alentejo region, clayey materials with a completely different
origin were sampled. In this zone, common clay deposits are restricted to Palaeozoic altered
schists occurrences, which are associated to marbles and dolomites of the Moura-Ficalho
volcano- sedimentary complex (A-Fi) (Oliveira et al., 1991). On the other hand, bentonites
resulting from the alteration of Benavila’s quartz diorites are located in one of the most
important bentonite deposits in Portugal (Gomes, 2002), in the Avis Region (A-Be1) (Dias
et al., 2004).
In Madeira archipelago, sample A-Sd was collected from a large bentonite deposit located
at the Serra de Dentro (Porto Santo Island). This deposit originated from the alteration of
Miocene submarine tuffs and breccias (Silva, 2003). The material from this deposit is com-
monly used for complementary treatments of rheumatic and orthopaedic affections (Gomes
and Silva, 2001).
For each of the formations described above, about 5 kg of representative materials was
taken. A commercial green clay was also studied for comparative purposes. This clay is
sold in many Portuguese stores for internal and external use in the treatment of multiple
affections and is manufactured by PROVIDA R© Natural Products. Samples were wet sieved
(63 µm mesh) and the clay fraction (< 2 µm) was separated by sedimentation according to
Stokes law and dried at 60 oC.
6.2.1 Mineralogy and geochemistry
The mineralogical composition was determined by X-Ray Powder Diffraction (XRPD)
using a Philips R© X-Pert diffractometer with Cu Kα radiation. Random powder diffraction
was used on silt–clay fraction, and air-dried/ethylene glycol solvated oriented-aggregates of
the clay fractions were prepared on glass slides. All oriented clay fractions were submit-
ted to thermal treatments (300 and 500 oC). The diffraction data were analyzed using the
XPOWDER R© computer program (Mart´ın-Ramos, 2004). For mineral quantification, the
quantitative option of the XPOWER program was used considering the chemical analysis of
major elements. Furthermore, the calculated structural formulae of the clay minerals were
used as supplementary control data (Lo´pez-Galindo et al., 1996). The experimental error
was ±5%.
The chemical composition of major, minor and trace elements of the < 63 µm fraction
was determined by XRF and flame-photometric methods, using a Philips PW1404 X-ray
fluorescence spectrometer and a Coring 400 flame photometer (for Na and K).
Transmission electron microscopy (TEM) was preferentially used to obtain the structural
formulas of the identified clay minerals. Observations and microanalyses were performed
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on several individual clay mineral microparticles and the average compositions of these clay
minerals were calculated. Analyses were conducted using a PHILIPS CM 20 TEM/STEM
fitted with an EDAX energy dispersive X-ray detector operated at 100 A˚ beam diameter and
a 200 x 1000 A˚ scanning area.
6.2.2 Granulometry, morphology and microtexture
The grain size distribution was determined by an X-ray beam particle size analyzer
(Micromeritics R© Sedigraph 5100), which measures the gravity-induced settling rates of dif-
ferent particles (0.5–250 µm diameter) in a liquid with known properties.
Clay particles morphology data were obtained using a Leo 1430 VP Scanning Electron
Microscope (SEM) equipped with an Oxford Instruments INCA 350v.18 microanalysis system
using X-Ray dispersive energy system (EDS).
6.2.3 Flow properties
As indirect method for flow characterization, the common pharmacopoeias propose the
measurement of bulk density (EUP, 2007; USP, 2010). By using the apparatus described
in the European Pharmacopoeia, and following the proposed methodology, 30 g of each
powder sample (total and < 63 µm fraction) was introduced in a 250 mL cylinder and the
corresponding bulk volumes were measured. Then, by using the mechanical tapping device,
the powder was tapped at a constant velocity so that the initial bulk density (d0) was reduced
depending of the number of taps (d10, d500 and d1250). The measured bulk volumes and
corresponding densities were used to calculate compressibility Carr index and Hausner ratio,
both used to quantify powder flow (Wells and Aulton, 2007).
6.3 Results and discussion
6.3.1 Mineralogical composition
The mineralogical composition of the < 63 µm samples is shown in table 6.1. The sed-
iments of the Lusitanian Basin (samples J-Bv , C-Tv1, J-Fr , J-Ab, C-Ca, C-Ro, C-Av and
Pl-Ba) were rich in quartz, white micas and kaolinite independently of their age. Detrital
tectosilicates (quartz, K-feldspar and plagioclases) accounted for about a third of the total
composition, and calcite was only significant in J-Bv and, into a lesser extent, in J-Ab. With
regards to clay minerals, kaolinite was rich in the Lower Cretaceous and Pliocene sediments,
where it reached 63% of the bulk composition. White micas were always present with notice-
able quantities (between 15% and 48%), having a high crystallinity according to the Ku¨bler’s
index of the white micas (Ku¨bler, 1967), in the Jurassic samples. Smectites were only de-
tected in J-Bv and C-Av , chlorite in J-Ab and palygorskite in Pl-Ba, but they represented
8% or less of the bulk composition. Fe-oxides were also found in low to moderate amounts.
Concerning Algarve basin Cretaceous sediments (samples C-We, C-Lu2 and C-Lu1), they
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were rich in illite1 and, to a lesser extent, in quartz and Fe-oxides. Carbonates were only
significant in sample C-Lu1 and kaolinite content was highly variable (from < 5% up to 20%).
This mineralogical composition was different in the Miocene sample (M-Ca) where detrital
tectosilicates accounted for 61% of the bulk composition, and smectite was well represented
(10%). Also, this was the only sample containing cristobalite.
The samples of the Tagus (Pa-Sa and M-To) and Sado (M-Xa and M-Pe2) basins showed
similar quantities of feldspars and high amounts of quartz. Carbonate and Fe-oxides contents
were very low (Veniale et al., 2007). Concerning the clay minerals, illite appeared in lower
amounts when compared with the above mentioned sequences. It showed better crystallinity
in M-Pe2 (figure 6.1) while M-Xa showed significant quantities of kaolinite in the bulk sample.
The presence of palygorskite in Pa-Sa and M-To, reaching up to 35% of the bulk sample,
should be mentioned. These results were in agreement with previous studies (Dias et al.,
1997; Dias, 1998). Smectites (ranging from 5% to 10%) and chlorites (< 5%) were identified
in all sediments, with exception of M-Xa which did not contain chlorite.
21%), and kaolinite, not always present, appeared both in Palaeozoic
and Tertiary alteration products.
The commercial product (O4) was very rich in carbonates (46%
calcite, 10% dolomite), and presented similar contents of quartz,
kaolinite, illite and smectite (about 10%). Lesser quantities of gypsum
and Fe-oxides were also present.
The average structural formulas for the identified clay mineral
particles are shown in Table 3. From the mineralogical point of view,
10 20 30
0
100
400
900
1600
T2
Position [°2Theta]
10 20 30
0
400
1600
 
10 20 30
0
100
400
900 S1
Position [°2Theta]
10 20 30
0
100
400
900 S2
Position [°2Theta]
Position [°2Theta]
Fig. 2. XRD patterns of air-dried oriented aggregates from Tertiary samples, with mica/illite showing better crystallinity in sample S2. [Legend: Qz=Quartz; Fs=Feldspars; M/
I=Mica/Illite; K=Kaolinite; Ca=Calcite; S/Cl=Smectite/Chlorite; P=Palygorskite.]
261M. Rebelo et al. / Applied Clay Science 51 (2011) 258–266
(a) Pa-Sa
21%), and kaolinite, not always present, appeared both in Palaeozoic
and Tertiary alteration products.
The commercial product (O4) was very rich in carbonates (46%
calcite, 10% dolomite), and presented similar contents of quartz,
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(b) M-To
21%), and kaolinite, not always present, appeared both in Palaeozoic
and Tertiary alteration products.
The commercial product (O4) was very rich in carbonates (46%
calcite, 10% dolomite), and presented similar contents of quartz,
kaolinite, illite and smectite (about 10%). Lesser quantities of gypsum
and Fe-oxides were also present.
The average structural formulas for the identified clay mineral
particles are shown in Table 3. From the mineralogical point of view,
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(c) M-Xa
21%), and kaolinite, not always present, appeared both in Palaeozoic
and Tertiary alteration products.
The commercial product (O4) was very rich in carbonates (46%
calcite, 10% dolomite), and presented similar contents of quartz,
kaolinite, illite and smectite (about 10%). Lesser quantities of gypsum
and Fe-oxides were also present.
The average structural formulas for the identified clay mineral
particles are shown in Table 3. From the mineralogical point of view,
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(d) M-Pe2
Figure 6.1: XRD patterns of air-dried oriented aggregates from Tertiary samples,
with mica/illite showing better crystal in ty in sample M-Pe2. [Leg n : Qz=Quartz;
Fs=Feldspars; M/ I=Mica/Illite; K=Kaolinite; Ca=Calcite; S/Cl=Smectite/Chl rite;
P=Palygorskite.]
In th altered p oducts (A-Fi , A-Be1 and A-Sd), in contrast to the sediment samples, low
contents of quartz were observed. K-feldspars were almost a sent, and pl gioclases showed
significant amounts (18% of Na-plagioclase in A-Fi and 21% anortite in A-Sd). Carbonates
were detected in all these samples and were particularly well represented in A-Be1 (16%).
Fe-oxides were found in all samples, and amphibole was identified in A-Be1. Smectites were
1The term “illite” is referred as a non-expandable dioctahedral aluminous mica-like mineral occurring in
the < 4 µm clay size fraction.
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present in the alteration products of Palaeozoic rocks but only reached high content (40–53%)
in the Tertiary samples, one of which (A-Be1) contained the only illite–smectite mixed layer
mineral. Illite was present in highly variable amounts (3–21%), and kaolinite, not always
present, appeared both in Palaeozoic and Tertiary alteration products.
The commercial product (Co) was very rich in carbonates (46% calcite, 10% dolomite),
and presented similar contents of quartz, kaolinite, illite and smectite (about 10%). Lesser
quantities of gypsum and Fe-oxides were also present.
The average structural formulas for the identified clay mineral particles are shown in
table 6.2. From the mineralogical point of view, the a priori most convenient samples to be
used in future medical hydrology applications should be J-Fr , C-Ro, Pl-Ba, C-Lu1, Pa-Sa,
M-Xa, A-Be1 and A-Sd , because they have reasonable clay mineral contents, usually around
50–60% in the < 63 µm fraction.
6.3.2 Granulometry and micromorphology
Grain size distribution of bulk sediments is shown in figure 6.2. In the Lusitanian basin
sediments, significant quantities (30–40%) of sand-sized particles were found in J-Bv , J-Ab
and C-Ca. Jurassic samples were rich in silt-sized particles while Cretaceous and Pliocene
sediments were rich in clay-sized particles. This fine fraction accounted for almost 80% of
samples C-Av and Pl-Ba. In the Algarve basin sediments, only samples C-Lu2 and C-Lu1
showed an important clay-sized fraction (around 60%), while the Miocene sample, the richest
in quartz, presented almost 80% of silty particles. Tagus and Sado basins sediments were
very poor in clayey particles and sandy fraction was particularly significant (around 60%) in
M-To and M-Pe2. With reference to alteration products, all samples were quite rich in sand
particles, representing more than 60% of their bulk composition in samples A-Be1 and A-Sd .
The commercial product was rich in silty particles (54%) but still had a notable content of
sandy particles (17%).
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Veniale et al. (2007) point out that a suitable peloid must have at least 70–80% of clay
sized particles. In addition, studies (Armijo and Maraver, 2006) showed that the majority of
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6.3. RESULTS AND DISCUSSION
Spanish Thermal Centres apply peloids with about 57–70% of particles sized between 2 and
20 µm. In this sense, the best Portuguese materials without mechanical grinding were J-Fr ,
C-Tv1, C-Av , Pl-Ba, C-Lu2 and C-Lu1. Concerning samples A-Be1 and A-Sd , its application
is only advisable if the sand sized particles were previously separated.
All samples showed highly variable morphologies. Many particles were disposed in ag-
gregates with heterogeneous shape and size. The Lusitanian sediments were the most het-
erogeneous ones, showing large aggregates (> 100 µm) and less particles of smaller size (fig-
ure 6.3a). These aggregates were composed of small platy particles (usually < 2 µm), which
sometimes acquired a more flocculated appearance (figure 6.3b). The Algarve basin sediments
showed more homogeneous and pseudospherical aggregates (with size usually not exceeding
100 µm, figure 6.3c), while in the Tagus sediments large aggregates were rare and associated
with fibrous palygorskite particles (figure 6.3d). In the Sado sediments, aggregates were of
small size, generally < 50 µm. The alteration products showed quite distinct morphologies.
They were mainly composed of large angular aggregates (200–500 µm, figure 6.3e) made up
of planar smectite particles (figure 6.3f).
6.3.3 Chemical composition
The contents of major elements are shown in table 6.3 and, as expected, they showed a
direct relationship with the mineral composition. Samples were rich in SiO2 representing, in
average, about 50–60% of the bulk composition. Al2O3 was around 15–20% (except Pl-Ba,
the richest in kaolinite, and Co, the richest in calcite). The Fe2O3 content was highly variable,
as a direct function of the amounts of Fe-oxides. MgO was below 3%.
The content of trace elements could be classified into three categories (table 6.4). “Class
1” included Cd, Pb and As, elements that should be essentially absent because they are
known as human toxicants or environmental hazards (USP, 2010). “Class 2” included Mo,
Ni, V, Cr, Cu and Mn, elements that should be limited in pharmaceuticals and have less
toxicity than those present in “Class 1” (USP, 2010). “Other metals” included elements
which may also be present as impurities in cosmetic products (e.g. Ba, Se, Zn and Sb). Even
though Zn has no significant toxicity (EMEA, 2008), Sb is included as an element of primary
toxicological concern in cosmetics together with Pb, As, Cd and Hg (HealthCanada, 2009).
In the case of Se and Ba, in spite of their less significant toxicological properties and risks,
no impurity limits were developed for cosmetics (HealthCanada, 2009). Tl and Te were also
included as elements that are not allowed in cosmetic products, including clays and peats for
pelotherapy (European regulation n.85/391/CEE,86/179/CEE and 86/199/CEE).
The analyzed trace elements exhibited normal values for sediment samples (Carretero and
Pozo, 2007). However, when compared with the known abundances of sediments on Earth’s
Crust (Turekian and Wedepohl, 1961), some anomalies were detected for As (samples C-We
and Pa-Sa) and Cr (sample A-Be1). The natural abundance of As in the Earth’s Crust is
about 1.8 ppm (DeStefano et al., 2010), being higher when associated with sulphur minerals
in soils (Carretero and Pozo, 2007). As S was not detected in C-We and Pa-Sa, the As
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 Figure 3. SEM microphotographs of the samples. (A)General view of large aggregates in 
sample L3; (B) Detailed image of particles in a large aggregate of sample L8; (C) General 
view of pseudospherical aggregates in sample A2; (D) Detailed image of an aggregate with 
fibrous palygorskite particles in sample T1; (E) General view of angular big aggregates in 
sample O3; (F) Detailed image of planar smectite particles in sample O2. 
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(b) Detailed image of particles in a large aggre-
gate of sample Pl-Ba.
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(c) General view of pseudospherical aggregates
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(d) Detailed image of an aggregate with fibrous
palygorskite particles in sample Pa-Sa.
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 (e) General view of angular big aggregates insample A-Sd .
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 (f) Detailed image of planar smectite particles insample A-Be1.
Figure 6.3: SEM microphotographs of the samples.
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6.3. RESULTS AND DISCUSSION
anomaly in these samples was linked to the surrounding lithology. The content of Cr (sample
A-Be1) was in agreement with the values presented by basaltic magmatic rocks (2–600 ppm)
and was attributed to the origin of the sample A-Be1 in the Eruptive Rocks of Benavila
formation.
To discuss the exposure limits on the basis of toxic chemicals present in pharmaceuticals
and cosmetics, the term “Permitted Daily Exposure” (PDE) was used. This term was recently
chosen to better define, on a chronic basis, the pharmaceutically maximum acceptable expo-
sure to an element that is unlikely to produce any adverse health effect. The presented limits
of trace elements were according to those currently defined as acceptable for pharmaceuticals
and cosmetics (HealthCanada, 2009; EMEA, 2008; USP, 2010).
Concerning “Class 1”, the As content was below the detection limit of the used technique
in a few samples (M-Ca, M-Xa, M-Pe2, A-Sd and Co) but, when present, was acceptable for
cosmetic usage and was in agreement with the PDE in samples C-Tv1, C-Ca and C-Lu2. The
studied samples presented no high risk of toxicity since dermal exposure to As contributes <
1% of the exposure from ingestion (FDA, 2003). Pb was always present in variable quantities,
of acceptable toxicity mainly in samples A-Be1 and A-Sd , and was closer to the limits for
cosmetic usage in samples C-Tv1, C-Lu2, C-Lu1 and Co (Health Canada’s Natural Health
Products Directorate). The other samples also showed low toxicity since the Pb content in
sediments usually ranges between 30 and 300 ppm (DeStefano et al., 2010). Cd was frequently
below the detection limits and, when detected, was acceptable in samples Pa-Sa, A-Fi and
Co.
With regards to “Class 2”, all studied samples (except the Cr anomaly) presented ac-
ceptable PDE concentrations. In “Other metals” category the Zn content was tolerable,
also in accordance with typical values for clays/shales, and the Sb content was in agreement
with cosmetic usage limits. When detected, the remaining elements showed quantities not
exceeding 20 ppm.
In conclusion, except for C-We, Pa-Sa and A-Be1, the studied materials exhibited normal
to low toxic element concentrations. Therefore, they showed a low risk of toxicity if a dermal
application is intended, and were considered safe.
6.3.4 Powder flow properties
Table 6.5 shows the powder flow properties of the samples. Carr indexes of the < 63 µm
fractions were > 23% (poor flow powders) and decreased in most of the corresponding bulk
samples (fair-poor flow powders). The Hausner indexes ranged between 1.2 and 1.5 in both
the bulk samples and the < 63 µm fraction.
Some samples showed distinct behavior. The < 63 µm fractions of two Algarve basin
samples (C-Lu2 and C-Lu1) showed fair flow properties and one total bentonitic sample
(A-Sd) showed good flow. On the other hand, samples C-Ro and M-Pe2 showed the highest
Carr Index values and were considered very poor flow powders. Thus, the samples should be
used as bulk as possible to avoid problems during their manipulation. In some cases, they
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Table 6.5: Powder flow characterization of the samples.
Sample
< 63 µm Total
Carr (%) Hausner Flow Carr (%) Hausner Flow
J-Bv 32 1.5 Poor 28 1.4 Poor
J-Fr 24 1.3 22 1.3
J-Ab 32 1.5 31 1.5
C-Tv1 29 1.4 25 1.3
C-Ca 33 1.5 19 1.2 Fair
C-Ro 35 1.5 Very Poor 31 1.5 Poor
C-Av 24 1.3 Poor 33 1.5
Pl-Ba 24 1.3 20 1.3 Fair
C-We 29 1.4 18 1.2
C-Lu2 20 1.3 Fair 31 1.4 Poor
C-Lu1 20 1.3 24 1.3
M-Ca 29 1.4 Poor 22 1.3 Fair-Poor
Pa-Sa 23 1.3 19 1.2 Fair
M-To 26 1.4 15 1.2 Good
M-Xa 24 1.3 25 1.3 Poor
M-Pe2 35 1.5 Very Poor 30 1.4
A-Fi 29 1.4 Poor 23 1.3
A-Be1 25 1.3 27 1.4
A-Sd 22 1.3 Fair-Poor 14 1.2 Good
Co 29 1.4 Poor 27 1.4 Poor
would need addition of coadjutants to improve the flow properties.
6.4 Conclusions
Table 6.6 shows the suitability of the studied samples for medical hydrology applications.
The Lusitanian basin samples (J-Bv , J-Fr , J-Ab, C-Tv1, C-Ca, C-Ro, C-Av and Pl-Ba)
presented advisable properties and some limitations because of the small amounts of the clay
fractions and the clay mineral content. J-Fr and Pl-Ba showed mineralogical and chemical
composition, optimal for the preparation of peloids. C-Av also presented an advisable com-
position even if high quartz content should be reduced. C-Ro, currently used for traditional
treatments at Parede Beach, had good compositional parameters but the flow properties
should be improved.
Regarding the Algarve samples (C-We, C-Lu2, C-Lu1 and M-Ca) only those from the
Luz formation were advisable (C-Lu2 and C-Lu1) if the quartz content of sample C-Lu2 is
reduced. The results confirmed the actual therapeutic utility of these clays at Burgau and
Luz beaches and guaranteed their mineralogical and chemical safety.
Tertiary samples (Pa-Sa, M-To, M-Xa, M-Pe2) presented unsuitable characteristics due
to their high content in sand-sized particles. Only M-Xa was considered suitable but the
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Table 6.6: Suitability of the samples for medical hydrology treatments.
Sample Mineralogy Granulometry Chemistry Flowability
Overall
Suitability
C-Lu1 © © © © ©
J-Fr © © © ♦ ©
Pl-Ba © © © ♦ ©
A-Sd © ♦ © © ©
C-Av ♦ © © ♦ ©
M-Xa © ♦ © ♦ ©
C-Lu2  © © © ♦
C-Tv1  © © ♦ ♦
C-Ro © ♦ ©  ♦
A-Be1 © ♦  ♦ ♦
J-Bv ♦  © ♦ ♦
C-Ca ♦  © ♦ ♦
M-To ♦  © ♦ ♦
A-Fi ♦  © ♦ ♦
J-Ab   © ♦ 
M-Ca   © ♦ 
Pa-Sa ©   ♦ 
Co   © ♦ 
C-We ♦   ♦ 
M-Pe2   ©  
© Advisable; ♦ Advisable with limitations;  Not Advisable
therapeutic use of sample M-Pe2 at Meco Beach was not favored considering the obtained
data.
Samples A-Fi , A-Be1 and A-Sd (alteration products) showed also advisable properties
with limitations. A-Sd was the most suitable product due to its good flow properties whereas
A-Be1 (with similar flow behavior) is not advisable before its bioavailability is tested. The
commercial product (Co) was safe but presented a very high content of carbonates that, due
to their abrasivity, could cause some discomfort during application.
It can be concluded that samples J-Fr , C-Av , Pl-Ba, C-Lu1, M-Xa and A-Sd presented
good compositional, safety and technological properties to be used in medical hydrology
treatments.
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Summary of Paper IV
This full-paper was published in the Elsevier’s Applied Clay Science Journal in March
2011 (Rebelo et al., 2011b). This study aimed the rheological characterization of six selected
candidate materials. It was performed in order to provide a more complete evaluation in
terms of their performance during the manipulation, where clay paste temperature, spread-
ing and smooth sensation play a fundamental role. Thus, their technical, rheological and
thermal properties were assessed and their behaviour when dispersed was analysed. Their
mineralogical, chemical and textural composition were properly identified on the previous
studies (Rebelo et al., 2005, 2010, 2011a).
The samples’ abrasivity was related to their content on detrital minerals. Abrasivities
shown by samples C-Lu1, A-Sd and Pl-Ba were comparable with those present in soft and
low abrasive bentonites as well as exhibited by clayey materials for skin application purposes.
The best plastic behaviour was performed by samples C-Av , Pl-Ba and especially A-Sd which
should yield ease of handling during application. Samples Pl-Ba and A-Sd showed adequate
specific heat values and the slowest cooling was observed in the clay pastes A-Sd , C-Lu1 and
C-Av .
In terms of rheological properties, clay dispersions showed a great tendency to form a
compact sediment in the bottom of the test tube. Only in samples J-Fr and, A-Sd no sedi-
mentation occurred. Due to the exhibited physical stability, they were considered suitable to
formulate ideal pharmaceutical dispersions. With higher solid concentration, their apparent
viscosities were variable when dispersed. The addition of Veegumr HV was considered to
benefit their rheological properties. Only samples J-Fr and A-Sd exhibited viscosities com-
parable with those present in clay pastes used for pelotherapy uses. All dispersions exhibited
thixotropy and should flow when agitated and keeping its shape during the spreading. These
dispersions also showed increasing viscosities with time, an important behaviour to produce
stable dispersions. The formulated dispersions were considered capable of a good rheologi-
cal performance during the application. Because they met adequate mechanical properties,
cooling behaviour and rheology, samples A-Sd and Pl-Ba were considered the most suitable
clayey materials for therapeutic applications.
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Chapter 7
Rheological and Thermal
Characterization of Peloids Made of
Selected Portuguese Geological
Materials
7.1 Introduction
Peloids or thermal muds are dispersions of clay-rich solid fractions in mineral-medicinal
water (Viseras et al., 2006, 2007). They appear in the nature but can also be prepared by
maturation (mixing during a long period) of selected clayey materials with salty thermo-
mineral waters (Veniale et al., 2004, 2007). These systems are topically applied in different
parts of the body or the whole body for therapeutic and cosmetic purposes (Veniale et al.,
2007; Carretero et al., 2010).
As disperse systems, rheological and thermal behaviour are of great concern in the study
and characterization of peloids (Viseras and Lo´pez-Galindo, 1999) (Viseras et al., 2006; Cerezo
et al., 2006). Besides predicting the properties which are directly related with the peloid
application (e.g. spreading qualities, adhesion to skin and removal), the rheological properties
of the dispersion (viscosity, sediment volume) are also responsible for the settling of dispersed
particles and the formation of a sediment at the bottom of containers. Furthermore, in
the manufacture of a dispersion, the aggregation state of solid particles is important as it
determines the quality of the dispersion (De Bernardi and Pedrinazzi, 1996; Minguzzi et al.,
1999; Veniale, 1999). Together with the rheological properties, a set of other important
technical qualities are considered in the materials suitable to produce peloids with therapeutic
validity (Barbieri, 1996). Among them, the thermal properties (good cooling kinetics and
high heat capacity) play an important role. In most of the cases, the heat application is
directly responsible for the therapeutic effect as the peloids are applied hot or involved in
preserving the heat (Ferrand and Yvon, 1991; Yvon and Ferrand, 1996; Cara et al., 2000b;
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Legido et al., 2007). Another category of important technical properties, scarcely explored in
previous studies, are consistency and abrasivity (or mechanical properties) of the materials
when applied topically. These mechanical properties determine the molding capacity to the
peloid before its use. In addition, they provide easiness of handling and a pleasant sensation
when the peloid is applied. On the basis of a previous detailed characterization of Portuguese
clayey materials for medical hydrology applications, six clay raw materials were selected due
to their good compositional and flow properties (Rebelo et al., 2011a). This study aims to
determine the rheological, technical and thermal properties and their capacity to produce
qualified tailored peloids.
7.2 Materials and methods
The six clayey materials were collected from well known geological formations, previously
described in terms of their composition and micromorphology for healing purposes (Rebelo
et al., 2005, 2010, 2011a). They comprised clay-rich levels of Jurassic to Pliocene age forma-
tions collected from Freixial (J-Fr), Aveiro (C-Av), Luz (C-Lu1), Xabregas (M-Xa), Serra
de Dentro (A-Sd) and Barraca˜o (Pl-Ba) formations. Samples J-Fr , C-Av and Pl-Ba are sed-
iments collected in the Lusitanian basin, along the Western-Central Border. Sample C-Lu1
was collected in the Algarve Basin (Southern Border) at Lagos region. Sample M-Xa is a
sediment collected from the Sado Tertiary Basin, located in the Setu´bal Peninsula. Finally,
sample A-Sd is a bentonitic alteration product, collected at Serra de Dentro, at the Madeira
Archipelago (figure 3.1).
7.2.1 Description of the materials
On the previous work by Rebelo et al. (2011a) the mineralogical composition (< 63 µm)
and bulk granulometry were determined (table 7.1).
The bulk granulometry of samples J-Fr , C-Av , C-Lu1 and Pl-Ba (table 7.1) evidenced
high amounts of clay-sized particles (> 50%) and low contents of sand particles (< 5%), with
the exception of C-Lu1. The silt content was the highest in J-Fr . M-Xa and A-Sd were
characterized by a smaller clay fraction content (< 40%) but relatively high contents of the
silt and sand fractions (> 60%).
Because the bulk materials showed highly variable amounts of sand-sized particles, the
initial separation of the silt-clay fraction (< 63 µm) from the bulk was considered. This
particularity could provide some discomfort during the clay paste application (Rebelo et al.,
2011a). Previous studies (Rebelo et al., 2005, 2010, 2011a) showed that these materials are
suitable for therapeutical applications when sieved. Sieving and wet separation is a common
treatment for clays that are intended to be used as natural products in several pharmaceutical
and cosmetic preparations, which ensures its maximum purity and ease of use (Viseras et al.,
2007). Despite the extra effort of sieving and wet separating the original geomaterials, we
believe that the increase in quality of the final product justifies it.
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Thus, before carrying out the laboratory analysis, each of the studied samples was care-
fully wet sieved in 63 µm meshes. After drying (at 60 oC), the samples were maintained in
closed containers at room temperature.
The mineralogical compositions of separated samples are reported in table 7.1. Samples
J-Fr , C-Av and M-Xa were characterized by reasonable quantities of quartz and white micas
(both around 30%) and lesser quantities of kaolinite. Smectite was present in samples C-Av
and M-Xa in low quantities (5-10%).
Samples C-Lu1, Pl-Ba and especially A-Sd (table 7.1) contained smaller amounts of quartz
(6 12%). Illite was particularly abundant in C-Lu1 (50% of the < 63 µm fraction) and the
kaolinite content was significant in Pl-Ba. Sample C-Lu1 also evidenced a significant content
of carbonates and iron (hydr)oxides. Usually, the content of these associated minerals (when
present) is < 5%. A-Sd , a bentonitic material, showed a high smectite content (> 50%) and
also significant amounts of plagioclases. This sample contained significant amounts of iron
(hydr)oxides (table 7.1).
7.2.2 Abrasivity and plasticity
Einlehner Abrasivity
The abrasivity was determined using the Einlehner Test. Initially, 50 g of the sieved
clays (< 63 µm) were dried at 60 oC (during 15-20 min) and dispersed in 400 mL of distilled
water until a homogeneous dispersion was obtained (≈ 15 min). The initial mass of the
clean and dry standard bronze wire was determined before testing. The weighed wire was
assembled into a Einlehner AT 1000 apparatus with the dispersion and, after stirring for
43500 revolutions (≈ 30 min), the cleaned and dried wire was weighed again. The mass loss
(mg) was the measure of Einlehner abrasion. The abrasivity index was determined using the
wear area.
Atterberg Limits
The Atterberg limits (WL, WP and PI) were determined following the Portuguese norm
NP 143 - 1969. After sieved, 100 g of each sieved samples (< 63 µm) were air dried and mixed
with water to form a remoulded clay paste. The paste was placed in the standard Casagrande
cup and then grooved. The rotation of the apparatus at a set speed was continued until the
groove flowed and closed over a specified length. The number of blows of the cup was noted
and the sample taken to determine the moisture content. The test was repeated 4 times at
decreasing water contents (by air-drying the sample) each time noting the number required
to close the groove. A graph of the log of the number of blows against water content was
drawn, and the moisture content requiring 25 blows to close the groove, i.e. the liquid limit
(WL), was determined.
For the plastic limit test, approximately 20 g of the sieved clays (< 63 µm) were mixed
on a glass plate with water to make it sufficiently plastic to roll into a ball. The ball was
firstly rolled to form a clay thread and then rolled again until it started to crumble at a
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thread diameter of 3 mm. At this point, the water content gives the plastic limit (WP). The
Plasticity index (PI) is the difference between WL and WP.
7.2.3 Thermal properties
Specific Heat
The specific heat was determined for each sieved and dried sample by differential scanning
calorimetry (DSC) in the Shimatzu R© DSC-50 Calorimeter.
Cooling Kinetics
To produce 60% water-clay pastes, 30 g of sample were mixed with 20 mL of distilled
water. The paste was introduced in a closed 50 mL cylindrical Teflon container, was heated at
temperature constancy (70 oC) and introduced in a thermostatic bath (Edelstahl Rostfrei R©)
at 35 oC. The temperature was measured with the Dual Thermometer LT Lutron TM-906A
every 30 s until the temperature of the clay paste and the thermostatic bath were identical.
To obtain representative cooling curves of the studied clay pastes, the experimental data
were fitted to exponential curves by regression analysis. According to previous studies (Legido
et al., 2007; Cara et al., 2000b), the curves followed a function of the type T = A + Be−Kt
where A is the bath temperature, B is the difference between the starting temperature of the
clay and the bath temperature (A) and K is the cooling rate. The estimated error of the
different samples was calculated:
err =
√√√√√ n∑i=1(Test,i − Tdata,i)2
n
where Tdata is the measured temperature, Test the temperature derived from the fitted curve
and n the total number of measurements.
7.2.4 Rheology
Sediment volume
The sediment volume (F) was defined as the ratio between the sediment’s final (ultimate)
volume in mL (Vu) and the original volume (in mL) of the dispersion before settling (V0)
(Martin, 1993; Bergaya et al., 2006). It was determined following the methodology proposed
by the Real Farmacopea Espan˜ola (2005).
The silt-clay samples (< 63 µm) were disaggregated using an agata mortar. The clay-
water dispersions were prepared of 6 g clay and 200 mL distilled water, then stirred at
10000 rpm during 20 min with an Ultra Turrax-T25 stirrer (Ika Labortechnik R©). From each
clay-water dispersion, 100 mL were extracted and stored undisturbed at room temperature
during 24h in stoppered testing tubes. After 24h, the final volumes were registered and the
corresponding sediment volumes were calculated.
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Formulation of clay-water dispersions
The apparent viscosity of 10% clay-water dispersions was measured. The solid phase
consisted of 15 g of the sieved samples (< 63 µm) and 15 g of Veegum R© HV grade (< 125 µm).
The liquid phase was prepared with 270 mL of distilled water (pH =5.75, at 20 oC). The clay-
water dispersions were homogenized at 1000 rpm (≈ 1-2 min) in a Eurostar Power control-visc
P1 overhead stirrer (Ika Labortechnik R©) and maintained closed in a thermostatic bath (J.P.
Selecta S.A. Precisterm) during 24h at 40 oC.
The added Veegum R© HV (VHV) is a purified smectite with the following mineralogical
composition: 53% Al-smectite, 41% Mg-smectite, < 5% quartz, < 5% of K-feldspars and
traces of calcite (Aguzzi et al., 2005). It was added to all clay-dispersions as stabilizing agent
to retard sedimentation and avoid coagulation of the dispersed particles (Viseras et al., 2007).
It was added to the solid phase only to perform the apparent viscosity test.
The addition of VHV generally aims at improving the product quality, fulfilling all the
required technical specifications. Although these compositional and textural modifications
increase the cost of the peloids, they greatly improve the resultant rheological properties.
Consequently, the resulting peloids would be easily marketed with economic benefits as is
evidenced by a wide number of products fulfilling different therapeutic or cosmetic purposes
such as topical health care preparations (Viseras et al., 2007).
Different water types influence the original properties of peloids (Veniale et al., 2004).
However, this study aimed at characterizing the properties of clays when dispersed in water
and not the influence of water types in the properties of the resulting peloid. Therefore,
distilled water was used to minimize the effect of different kinds of water (Veniale et al.,
2004).
Apparent viscosity
The apparent viscosity of clay-water dispersions formulated with VHV and previously
maintained at 40 oC in the thermostatic bath were measured with the viscometer Brookfield
Engineering R© - DVII+PRO with spindle 03. Three parallel measurements were done in
intervals of 30 s at different shear rates (2, 4, 10, 20, 50 and 100 rpm). The measurements
were repeated after 24h at undisturbed conditions, keeping the samples at 40 oC in the
thermostatic bath.
7.3 Results and discussion
7.3.1 Abrasivity and plasticity
Einlehner Abrasivity
The Einlehner abrasion (at 43500 rpm) ranged between 23 and 102 mg (table 7.2).
The abrasivity indices (A.I.) changed between 75 g m-2 (Pl-Ba) to 334 g m-2 (M-Xa) (ta-
ble 7.2). The less abrasive materials were C-Lu1, A-Sd and especially Pl-Ba with A.I. close
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to 100 g m-2.
Table 7.2: Einlehner abrasivity of the clays.
Abrasion (mg) Abrasivity Index (g m-2)
J-Fr 79 258
C-Av 72 235
C-Lu1 32 106
M-Xa 102 334
A-Sd 39 127
Pl-Ba 23 75
A possible explanation for the higher abrasivity of samples J-Fr , C-Av , and M-Xa is
their high content in detrital tectosilicates (table 7.1). Because these samples include coarse
and sharp-edged quartz grains, they produce high abrasion. Consequently, some discomfort is
expected when applied to the skin (Rebelo et al., 2010, 2011a). In fact, the highest abrasivities
(>200 g m-2) were observed when the content of detrital minerals (quartz, k-feldspars and
plagioclases) was higher than or equal to 34% (figure 7.1).
Pl-Ba, C-Lu1 and A-Sd would be softer when applied because their content in hard
minerals was much lower leading to a less significant abrasivity (figure 7.1). The abrasivity of
these samples was comparable to the abrasivity of bentonites recently studied for industrial
applications (Klinkenberg et al., 2009). The higher content of < 2 µm particles and the
presence of a favourable micromorphology (platy shapes and pseudospherical aggregates) were
considered important factors because they contribute to softer and less abrasive materials
(Rebelo et al., 2010, 2011a; Klinkenberg et al., 2009).The abrasivity of a clayey material for
application to the skin should not exceed 5 g m-2 at 1000 rpm (or 200 g m-2 at 43500 rpm)
(Gomes, 2002). Thus, only C-Lu1, A-Sd and Pl-Ba were considered adequate to be applied
on the skin without producing an undesirable sensation.
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Figure 7.1: Pearson’s correlation between abrasivity index and detrital minerals content.
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Atterberg limits
In the majority of the samples the liquid limit (WL) values varied between 42 and 67%
(table 7.3). The exception was A-Sd , with WL> 100%. The studied samples were grouped
in high plasticity clays (C-Av , Pl-Ba and A-Sd) when WL was > 50% and in low plasticity
clays (J-Fr , C-Lu1 and M-Xa) when the WL was < 50% (Bain, 1971).
The plastic limit (WP) was between 23 and 40% for the majority of samples (table 7.3).
According to Jenkins soils classification (Gomes, 2002), all samples were considered high plas-
ticity soils because their plastic indices (P.I.) were > 15%. J-Fr and C-Lu1 were considered
the less plastic, with P.I. ≈ 15%, while A-Sd was the most plastic one with P.I. = 49%.
Samples C-Av , Pl-Ba and, especially A-Sd , showed the best plastic behaviour among the
studied samples. They should exhibit good water retention capacity and, therefore, should be
capable to develop an adequate plastic behaviour during their manipulation and spreading.
Note that higher liquid limits correspond to higher plastic limits (table 7.3). The most
adequate raw materials in terms of manipulation and spreading were C-Av , Pl-Ba and A-Sd
because they form pastes with good consistency.
Table 7.3: Atterberg limits of the clays.
Liquid Limit (%) Plastic Limit (%) Plastic Index (%)
J-Fr 42 25 17
C-Av 67 40 27
C-Lu1 44 29 15
M-Xa 47 23 24
A-Sd 108 59 49
Pl-Ba 60 33 27
7.3.2 Thermal Properties
Specific heat
The specific heat ranged between 7.1× 102 and 2.52× 103 J K-1 kg-1 (table 7.4). Samples
Pl-Ba and A-Sd showed the highest specific heat above 2.00 × 103 J K-1 kg-1. Only Pl-Ba
and A-Sd showed specific heat values comparable with some common clays and bentonites
for pelotherapy uses (Legido et al., 2007).
Cooling Kinetics
According to the cooling curves (figure 7.2), the clay pastes A-Sd , C-Lu1, and especially
C-Av were the slowest to cool presenting lower cooling rates (K values 6 0.17) (table 7.5).
These values corresponded to the specific heats (table 7.4), except for C-Av with lower
specific heat. The best thermal behaviour of this sample at higher water contents was already
confirmed by other studies (table 7.1) (Legido et al., 2007; Cara et al., 2000b).
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Table 7.4: Specific heat values of the clays.
∆T Q/m Specific Heat
(K) (J kg-1) (J K-1 kg-1)103
J-Fr 91.69 64660 0.71
C-Av 72.59 82930 1.14
C-Lu1 97.14 110000 1.13
M-Xa 93.12 94460 1.01
A-Sd 118.12 290000 2.46
Pl-Ba 87.21 220000 2.52
Clay pastes formulated with M-Xa, J-Fr and Pl-Ba were the fastest to cool presenting
very similar cooling rates (table 7.5). These results were consistent with the specific heat
(table 7.4), except for Pl-Ba which showed a low specific heat. This different behaviour of
Pl-Ba with water (fast cooling) and when dried (high specific heat) can be explained by the
lack of smectite and a more homogeneous texture when dried (table 7.1) (Legido et al., 2007).
Table 7.5: Parameters of adjustment and standard error (err) of the different clays.
A(oC) B(oC) K err(oC)
J-Fr 35.26 22.95 0.19 0.56
C-Av 35.57 25.07 0.14 0.48
C-Lu1 36.07 24.71 0.17 0.46
M-Xa 35.52 23.27 0.20 0.51
A-Sd 35.41 25.30 0.16 0.48
Pl-Ba 35.85 23.18 0.19 1.30
7.3.3 Rheological Properties
Sediment volume
Dispersions of J-Fr and A-Sd showed the highest final volume and the highest sediment
volume (about 1.0 mL/mL) (table 7.6). These samples yielded flocculated systems when
dispersed (Gennaro, 1998). This property is required for the formulation of dispersions with
optimal physical stability. Samples J-Fr and A-Sd were also usable to formulate ideal and
pharmaceutically acceptable dispersions because no sedimentation or compact sediment for-
mation occurred in these samples (Martin, 1993; Gennaro, 1998).
The dispersions formulated with C-Av , Pl-Ba, C-Lu1, and M-Xa yielded smaller final
volumes resulting in reduced sediment volumes (table 7.6). These dispersions were not stable
but settled. The formation of a compact sediment at the bottom of the test tube (like a cake)
was often observed together with a clear supernatant. To formulate stable dispersions with
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Pl-Ba, C-Lu1 and M-Xa, dispersing agents had to be added (Gennaro, 1998; Viseras et al.,
2007).
Table 7.6: Rheological properties of the dispersions.
Average Apparent Viscosity2
Final Volume Sedimentation Volume1 at 10 rpm (Pas)
(ml) (ml/ml) t = 0h t = 24h
J-Fr 99 0.99 3.6 3.8
C-Av 23 0.23 4.2 4.9
C-Lu1 20 0.20 2.7 3.1
M-Xa 10 0.10 2.6 3.0
A-Sd 99 0.99 3.2 3.8
Pl-Ba 12 0.12 2.1 2.3
1 Measured in clay-water dispersions formulated with 3% of clay
2 Measured in clay-water dispersions formulated with clay (5%) and Veegum HV R© (5%)
Apparent viscosity
The average apparent viscosities (at 10 rpm) of clay-water dispersions (formulated with
VHV) were around 3 Pas (table 7.6). J-Fr and A-Sd showed good rheological potential in
the sediment volume test. The addition of Veegum R© HV emphasized this property, with
samples showing high apparent viscosity (table 7.6). All the other dispersions showed poor
stability i.e. smaller apparent viscosities except C-Av . This clay-water dispersion was the
most beneficiated by the addition of Veegum R© HV as it showed the highest average apparent
viscosity at 10 rpm and a small sediment volume (table 7.6).
In other studies (Cara et al., 2000b; Yvon and Ferrand, 1996) clay pastes used for pelother-
apy purposes exhibited viscosities around 4 Pas. Taking into account that the obtained ap-
parent viscosities were beneficiated by the addition of VHV, dispersions formulated with J-Fr
and A-Sd (table 7.6) demonstrated the best potential to form clay pastes with rheological
behaviour adequate for treatments.
All the dispersions showed similar flow behaviour (figure 7.3). The apparent viscosity
curves steeply decreased at shear rates up to 20 rpm. Thus, the dispersions showed thixotropy
behaviour implying that all the studied dispersions should flow when agitated and keeping
its shape when applied (Viseras et al., 2006). This behaviour is a very important property
because it leads to the use of clay or clay minerals in several semisolid products such as
lotions, creams, ointments, pastes and make-up preparations.
At initial time (t = 0) and near zero shear rates, the clay-water dispersions showed appar-
ent viscosities between 10 and 20 Pas (figure 7.3). The highest apparent viscosities (around
20 Pas) were observed for the dispersions formulated with J-Fr , A-Sd and especially C-Av
(exceeding 20 Pas). These results confirmed the tendency of J-Fr and A-Sd to form stable
dispersions, and thus adequate rheological properties when dispersed. The dispersions formu-
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lated with C-Lu1, M-Xa and mainly Pl-Ba, which already evidenced low stability (table 7.6),
had also lower apparent viscosities (10 Pas) (figure 7.3).
After 24h at undisturbed conditions (t =24h), a slight increase of all dispersions’ apparent
viscosity was observed (figure 7.3). This tendency was more perceptible at < 20 rpm and
significant for the clay dispersions formulated with C-Av and M-Xa (table 7.6). This is
adequate to produce stable clay-water dispersions without adding dispersing agents. Thus,
these formulations should be capable to flow when required remaining at the cutaneous surface
during the application (Viseras et al., 2006).
7.3.4 Overview
The mechanical, thermal and rheological properties of the samples are compared in ta-
ble 7.7. A-Sd and Pl-Ba were the most suitable formulations for therapeutic application.
These samples correspond to “Serra de Dentro” and “Barraca˜o Clays” formations. J-Fr ,
C-Av , and C-Lu1, were considered suitable only in relation to certain properties. These sam-
ples correspond to “Freixial”, “Aveiro” and “Luz” formations. To be applied in therapeutics
their properties have to be improved. M-Xa (corresponding to the “Xabregas” formation)
would be unsuitable for application
Table 7.7: Suitability of clays in terms of their technical, thermal and rheological properties..
Technical Thermal Rheological
Overall
SuitabilityAbrasivity Plasticity
Specific
Heat
Cooling
Rate
Sedimentation
Apparent
Viscosity
A-Sd " " " " " " Suitable
Pl-Ba " " " $ $ $ Suitable
C-Av $ " $ " $ " Limited
C-Lu1 " $ " " $ $ Limited
J-Fr $ $ $ $ " " Limited
M-Xa $ $ $ $ $ $ Not Suitable
" Adequate
$ Not Adequate
7.4 Conclusion
This study aimed at the characterization of mechanical, thermal and rheological properties
of some Portuguese geomaterials previously considered suitable for use in Medical Hydrol-
ogy (Rebelo et al., 2011a). The analysis was performed for the fractions < 63 µm. They
were characterized in terms of abrasivity, consistency, heat capacity and cooling behaviour.
The rheological properties, sediment volumes and apparent viscosity of the dispersions were
determined.
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Samples A-Sd and Pl-Ba showed good abrasivity, plasticity and specific heat. However,
when dispersed in water, only A-Sd showed good sediment volume and cooling behaviour.
Both samples were considered suitable for application. Samples J-Fr , C-Av , and C-Lu1 were
considered suitable only in relation to particular properties, showing limited application. J-Fr
exhibited good sediment volume and apparent viscosity but unsuitable technical properties.
Sample M-Xa was not suitable for any application.
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Chapter 8
Discussion
This chapter begins by defining the parameters that were used to assess the suitability of
the studied samples. It is followed by the analysis of the suitability for each sample. Finally,
other important findings are considered.
8.1 Qualification parameters
In section 1.2 the parameters which were used by similar studies to certify the quality of a
peloid for therapy uses are presented. In this section, we define the criteria used in section 8.2
to assess the suitability of the studied samples.
8.1.1 Composition and Texture
To be adequate in terms of their composition and texture, the studied materials should
present the following characteristics:
• Phyllosilicates should be present in more than 50% of the < 63 µm fraction mineral-
ogy, preferentially where smectite is dominant. This feature promotes the exchange of
elements between the clay and the skin.
• Quartz, carbonates and iron oxides should not exceed individually 10% of the < 63 µm
fraction mineralogy. These constituents are the main contributors of the undesirable
abrasive sensation of clayey materials.
• Clay fraction should represent more than 50% of the bulk granulometry. This feature
increases the reactive surface between the skin and clay’s constituents.
• Hazardous elements (As, Pb, Cd, Sb) should be present only if they exhibit low to
normal concentrations. These values should be compared with their normal abundances
in the Earth’s Crust. They should be defined according to the standard limits currently
used for safety in cosmetics and pharmaceuticals by the United States and European
regulations/guidelines.
97
CHAPTER 8. DISCUSSION
8.1.2 Physicochemical Properties
To be considered adequate in terms of their physical and technological properties, the
studied samples should present the following properties:
• Specific surface area should be higher than 10 m2 g-1 because this is the minimal value
of commonly used clays in therapy;
• Cation exchange capacity should exceed 10 cmol Kg-1, as it represents the minimal
acceptable value for illitic clays used in therapy;
• Plasticity index should be above 15% and the liquid limit greater than 50%, because
these values characterize high plasticity clays;
• Swelling index should be at least 20% and preferentially higher than 50%, because it
contributes to a higher heat retention capacity.
• Abrasivity index should be below 200 g m-2 (at 43500 rpm) because higher values yield
an undesirable sensation for skin application;
8.1.3 Thermal properties
To be considered adequate according to their thermal properties, studied materials should
present the following characteristics:
• Cooling time from 60 oC to 35 oC should be greater than 15 min because the minimum
duration of a therapeutic treatment using heat is around 15 min;
• Specific heat should be higher than 1.00 × 103 J K-1 kg-1 and preferentially at least
2.00 × 103 J K-1 kg-1 because they represent values of commonly used clays in pelother-
apy.
8.1.4 Rheological properties
To be considered adequate in terms of rheology, the studied materials should exhibit the
following characteristics:
• Carr index should be at least 20%, which corresponds to fair flow powders.
• Sediment volume should be as close as possible to 1, because this value represent optimal
physical stability of a dispersion.
• Apparent viscosity should be as close as possible to 4 Pas because this is exhibited
by clays commonly used in pelotherapy. Additionally, it is desirable that the samples
show thixotropy behaviour, because this feature provides spreading qualities to the clay
pastes.
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8.2 Suitability Analysis
The results obtained through the various publications confirmed that, despite their limita-
tions, the majority of the studied materials is suitable for therapeutic applications. Table 8.1
shows the overall suitability of the studied samples. This was the most significant finding of
this research, suggesting that the Portuguese clayey materials have application potential as
therapeutic materials.
Samples were considered suitable when in general the majority of the assessed properties
was considered adequate.
8.2.1 Suitable Samples
Samples A-Pe, A-Be2, A-Sd , J-Fr , M-To, C-Lu1, C-Lu2, Pl-Ba, M-Ga and J-Ab were
considered suitable.
Despite of some limitations regarding quartz content in samples M-To, C-Lu2 and J-Ab,
all samples presented good clay minerals content and are considered safe. In particular,
samples M-To, A-Be2 and A-Pe exhibited high proportions of smectite/palygorskite in the
clay fraction. With respect to the sample A-Be2, greater than expected concentrations of
Fe and Cr were obtained. Although this geochemical feature is related with its geological
origin, it was considered important to assess Cr oxidation state in a future research in order
to determine its toxicity. Nevertheless, from a risk standpoint for cosmetic usage, sample
A-Be2 is also considered safe. Regarding the amount of clay fraction, in general the suitable
samples presented small amounts with particular notice of sample M-Ga which is composed
in its majority by sand-sized particles. However, samples J-Fr , C-Lu1 and especially Pl-Ba
show a good value for this property.
Their physical and technological properties were considered good overall. There are how-
ever some punctual limitations in samples J-Fr , C-Lu1, M-Ga and J-Ab concerning their
cation exchange capacity, plasticity and abrasivity indices. They can be explained by the
low clay fraction content that negatively influenced some of the physicochemical properties.
On the other hand, because of their high capacity to exchange cations, samples A-Be2 and
A-Pe are considered optimal for therapeutic application. Additionally, they exhibited high
plasticity and low abrasivity indices. This means that these samples are capable of producing
malleable pastes causing a smooth sensation when applied to skin. Their adequate swelling
indices show their good capacity to retain water and consequently also heat. As a result,
they exhibited good cooling times and specific heats values. The remaining suitable samples
also exhibited good thermal properties.
Concerning the rheological properties, dispersion of A-Sd and J-Fr yielded adequate
flowability, good physical stability and viscosity. This is desirable for the formulation of
pharmaceutically acceptable dispersions. This means that they are capable of flowing when
agitated and keeping their shape when applied. On the other hand, sample Pl-Ba and
C-Lu1 presented poor physical stability and viscosity. Only their powder flow properties are
considered adequate. Nonetheless, as previously mentioned in Paper IV (section 7.2.4) these
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8.2. SUITABILITY ANALYSIS
properties may be improved through the use of stabilizers agents. For the remaining suitable
samples the rheological properties need to be assessed in a future work.
8.2.2 Suitable samples with limitations
Samples C-Tv1, C-Av , C-Pm, J-Co and A-Be3 were considered suitable with limitations.
They presented good clay fraction content and were considered safe for application. How-
ever, they have inadequate mineralogical features. Namely, they showed significant amounts
of quartz and/or calcite.
The physicochemical properties of the samples were in general good with the exception
of some samples regarding cation exchange capacity and abrasivity. In particular, sample
C-Pm displayed very low cation exchange capacity which is explained by its high carbonates
content. Sample A-Be3 presented a very high abrasivity because of its high content of sand-
sized particles and quartz. In spite of their inadequate mineralogy, samples C-Pm and J-Co
presented optimal abrasivities.
Referring to their thermal properties, despite their good cooling times these samples
displayed low specific heat values. These results can be partially explained by the influence
of water content in the thermal behaviour.
Due to the fact that for most of these samples the rheological analysis was not performed,
the conclusions that can be drawn are limited. All that can be stated is that even though
the physical stability of sample C-Av is inadequate its viscosity and flow properties are
acceptable.
8.2.3 Unsuitable and inconclusive samples
Samples M-Pe1, J-Da and M-Xa were considered unsuitable.
In general their compositional properties are inadequate. Their chemical content is safe
but they show inadequate mineralogy and granulometry. It should be noted that M-Pe1 has
a higher than expected concentration of Cu. Since this sample is currently used in empirical
applications, this new data indicates that a more in depth analysis should be performed in
order to assess possible dangers to the public health.
With respect to the physicochemical properties these samples show variable results. In
particular plasticity and abrasivity are overall inadequate features while cation exchange
capacity and swelling index were adequate.
Concerning rheological properties, analysis was only performed for M-Xa which presented
inadequate characteristics.
Samples A-Fi , C-Ca, J-Bv , C-Ro, A-Be1, Co, Pa-Sa, M-Ca, C-We, M-Pe2 and C-Tv2
were classified as inconclusive in what concerns their overall suitability.
This classification was made as consequence of not assessing most of the considered pa-
rameters, in particular the physicochemical, thermal and rheological characterisitics. From
these samples, we consider that A-Fi , C-Ca, J-Bv , C-Ro and A-Be1 should be taken into
account in future works due to their potential in terms of mineralogy and safety.
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8.3 Other findings
Through the discussion of the published data, important findings were made when trying
to explain unexpected results. Some have confirmed what was stated by other authors con-
cerning the importance of the compositional features in the definition of the physicochemical
properties of a suitable clayey material. Others revealed important information to be taken
into account in future work.
8.3.1 Interrelations between parameters
The Pearson’s correlation degree was used to determine interrelations between composi-
tional features and physicochemical properties. The following correlations were studied: clay
fraction content vs specific surface area and detrital minerals content vs abrasivity index.
A high correlation degree (r=0.79) was observed between the clay fraction content and
the specific surface area (figure 5.5). This correlation confirmed that the physical properties
are intimately linked to their compositional characteristics. In particular, it showed that
high specific surfaces are produced with clay fraction contents above 60%. It supported
the statement of Veniale et al. (2007) that a suitable peloid must have at least 70–80% of
clay particles. Therefore we suggest that, when assessing the clays’ suitability for therapy, a
higher weight should be given to the clay fraction content. Although not confirmed through
statistical analysis, a close relationship between the illite content and the specific surface area
can also be observed as depicted in figure 5.4
Almost perfect correlation degree (r=0.98) was obtained between the abrasivity index and
the detrital minerals content (figure 7.1). Although the influence of abrasive minerals in the
quality of a peloid had already been mentioned (Veniale et al., 2004), this close relation had
not been verified before by any of the revised background studies. This correlation showed
that when detrital minerals content is above 30%, undesirable abrasivity is produced. In
terms of future work, it provides a useful tool to predict undesirable abrasivity through the
analysis of clays’ mineralogy. We suggest that smooth materials should present hard minerals
in quantities lower than 25%.
A correlation was established between abrasivity and the % of detrital minerals. It was
remarkable the influence of detrital minerals composition (quartz, K-feldspars and plagio-
clases). Undesirable abrasivity, considered >200 g m-2, was produced when the detrital
minerals represented 34% or more of the mineralogical composition.
Other interrelations were also noted between non-clay constituents, such as mafic minerals,
iron oxides or carbonates, and technological properties. These deserved a more in depth
analysis present in paper II (section 5.5).
The physical stability is strongly related with some compositional features, such as par-
ticles’ size and density. However, in this study it was not possible to establish a correlation
between those parameters and the sediment behaviour of such distinct samples.
The specific heat values were in accordance with the obtained cooling behaviours. Because
samples with higher capacity to retain heat should cool more slowly, it was expected that
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high specific heat would be correlated with slower cooling rates. However, inverted cooling
behaviours were obtained in samples C-Av and Pl-Ba. For these samples, the required water
content to produce a clay paste (for C-Av) and the homogeneous texture of the dried sample
together with no smectite content (for Pl-Ba), strongly influence their heat capacities and
cooling behaviours.
8.4 Limitations and Future Work
The main limitations of this research are mostly related to the implemented methodolo-
gies.
The ammonium acetate method was used to determine the cation exchange capacity.
However, some inconsistent values were systematically obtained when this technique was
applied to particular samples. Namely, their exchangeable cations sum was not equivalent to
the cation exchange capacity, generating some discussion on the adequacy of this methodology
(Section 5.5.2).
On the more carbonated samples it was observed that the cation exchange capacity was
much lower than the determined exchangeable cations (in this case, Ca2+). When these
cations were redistributed, as shown in figure 5.8, it was found that in the majority they
corresponded to soluble cations. These soluble cations were in excess and resulted from car-
bonates dissolution (Dohrmann, 2006). This process occurs during the exchange experiments
and inflated the values for exchangeable cations. In samples with high amounts of metal ox-
ides, the inverse was observed. The cation exchange capacity was higher than the determined
exchangeable cations. It was found that metal oxides are positively charged coatings com-
monly adsorbed on clay particle surfaces (Roth et al., 1969; Zhuang and Yu, 2002). When
dissolved, these coatings release negative charges, increasing the cation exchange capacity
(Favre et al., 2006).
For the future work, we suggest that when dealing with materials exhibiting either high
carbonates or metal oxides content, more appropriate methodologies should be taken into
account in order to avoid the influence of dissolution processes during the experiments.
For the measurement of swelling index we used a Portuguese standard method for expan-
sion index of soils. Besides being a very slow technique that spends considerable quantities
of sample, the obtained results do not add relevant information. We suggest, for future work,
that when required this test be replaced by a more immediate one. For example testing the
swelling volume of a clay dispersion after undisturbed over a certain period of time (Carretero
and Pozo, 2007).
8.4.1 Unpublished data
The tests concerning the assessment of physical, technological, thermal and rheological
properties were performed in the majority of the samples considered inconclusive. They
leaded to the production of non published results that should be analysed in future works.
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We suggest that samples A-Fi , C-Ca, J-Bv and C-Ro be the first to be analysed due to their
promising mineralogical and chemical features.
8.4.2 Minero-medicinal waters characterization
Suitable clayey materials are commonly applied at spas after being matured with a minero-
medicinal water. Important properties such as the cation exchange capacity, water retention,
consistency, heat capacity and cooling kinetics are influenced by the geochemistry of mineral
waters used for the formulation of peloids (Veniale et al., 2004).
Considering this, we have been assessing minero-medicinal waters collected from differ-
ent spas. The purpose is to determine the appropriate minero-medicinal water type which
complement the therapeutic activity of each suitable clay.
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Conclusions
The first guiding-question of this research was What characteristics should be considered
for the suitability certification of Portuguese clays?.
Regarding this issue, several of these characteristics were identified in background studies.
The work presented in this dissertation confirmed the importance of assessing compositional,
textural, physicochemical and thermal characteristics in order to determine the suitability of
a clay for health applications.
However, particular pharmacopoeial specifications, which are commonly used to certify
products of natural origin for therapeutic purposes, and rheology parameters that predict
spreading qualities are scarcely studied on those background studies. This dissertation shows
that such properties are also valuable parameters that should be surveyed to assess the
suitability of a clay.
Through this, we accomplished the first three specific aims mentioned in Chapter 2 which
contemplated the identification of qualification parameters in the Portuguese clays and their
comparison with the previous studies.
The second guiding-question of this work was Are Portuguese clays suitable as therapeutic
health products?.
This dissertation provides a weighted analysis of Portuguese clays qualities and limita-
tions. That is, it focus in the suitability of Portuguese clays as a whole and not only on
peculiar characteristics. By doing this, a suitable clay should be adequate at different levels
encompassing the preparation, application and therapeutic activity of the peloid. Many of
the existing background studies focused in only one of these stages and for that we believe
that a important contribution has been made through this dissertation. We also belief that
the approach presented here could be useful in the future preparation of certification protocols
to be used in the determination of clay’s suitability for therapy.
Accordingly, we selected as suitable Portuguese clays for health applications the follow-
ing samples: A-Pe, A-Be2, A-Sd , J-Fr , M-To, C-Lu1, C-Lu2, Pl-Ba, M-Ga and J-Ab. We
highlight their safety, adequate composition, good/optimal technological and thermal prop-
erties for application as well as their adequate rheology when dispersed in water. These
characteristics allow us to say that these Portuguese clays are qualified to yield health ap-
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plications achieving its intended aims. With this, the fourth specific aim of this dissertation
was fulfilled.
Summarizing, we believe that the work presented in this dissertation is a significant con-
tribution for the current knowledge in the topic Clays and Health. It reinforced the knowledge
of standard criteria that were already established by previous studies and defined new param-
eters to be surveyed in clays for health purposes. It also widened the application potential of
Portuguese geological resources which are currently primarily focused in the ceramic indus-
try. Moreover, it recognized through scientific arguments the therapeutic validity of samples
C-Lu1 and C-Lu2 that until now have been used with an empirical basis.
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Papers in their published format
Table A.1: Samples designation between publications.
Formation Paper I Paper II Paper III Paper IV Thesis
Torres Vedras Ve-4 - - - C-Tv2
Dagorda Vi-1 VM8 - - J-Da
Sines Si-1 GL10 - - M-Ga
Penedo Se-1 PN11 - - M-Pe1
Consolac¸a˜o - CSB - - J-Co
Luz - PMOS1 - - C-Pm
Benavila - BV4.2 - - A-Be2
Benavila - VL1 - - A-Be3
Pedro´ga˜o - MR1 - - A-Pe
Boa Viagem - - L1 - J-Bv
Freixial Ve-6 - L2 J-F1 J-Fr
Abadia Vi-2 VM9 L3 - J-Ab
Torres Vedras Ve-3 - L4 - C-Tv1
Carrascal - - L5 - C-Ca
Belasiano - - L6 - C-Ro
Aveiro - - L7 C-F2 C-Av
Wealdian - - A1 - C-We
Luz - LUZ1 A2 - C-Lu2
Luz - BRG1 A3 C-F3 C-Lu1
Cacela - - A4 - M-Ca
Sarzedas - - T1 - Pa-Sa
Torre Mo-1 MON7 T2 - M-To
Xabregas - - S1 M-F4 M-Xa
Penedo - - S2 - M-Pe2
Ficalho - - O1 - A-Fi
Benavila - - O2 - A-Be1
Serra Dentro - - O3 M-F5 A-Sd
Provida - - O4 - Co
Barraca˜o - - L8 P-F6 Pl-Ba
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ABSTRACT  
The assessment of mineralogical, physical and thermal properties of silt-clay fraction from several sedimentary rocks, aimed
to the pelotherapy paste preparation, is presented. All clay separates commonly exhibit a higher clay fraction content (as a
rule >50 wt %), despite different genesis (Jurassic, Upper Cretaceous and Miocene marly clay as well as marl, Miocene
clayey sandstone and mudstone). After benefition, the majority of clay pastes can be suited for the use in pelotherapy, due to
higher proportion of swelling Ca-smectite and mixed-layer illite/smectite among other clay minerals, such as illite, kaolinite,
and chlorite. The clay pastes from Vimeiro 2 (smectite > kaolinite + illite) and  that of Torres Vedras 6 (kaolinite>illite,
smectite, interstratiefied illite-smectite) can be candidate materials. Their plasticity index (P.I .= 14-17 %), cation exchange
capacity (CEC = 16 - 25 meq/100 g), higher water adsorption as well as low abrasivity index (0.16 - 0.19 mg/m2), low cooling
rate (29 min.) and ease of handling are comparable with peloid properties commonly used in the Portuguese spas-centres.
Morerover, Miocene marly clay from the locality Monfortinho shows a palygorskite admixture, the CEC of about 20.2
meq/100 g, and highest plasticity index (P.I. = 35). However, lower clay-sized proportion (36 %) and sand-sized particles
reduce the stickiness on the skin and heat retention. 
 
KEYWORDS: clay separates, physical-technological testing, pelotherapy, Portugal 
 
The thermal muds (peloids), prepared with 
appropriate clay separates from the clay sedimentary 
rocks, have been recently tested for physical and 
mechanical properties and compared with peloids 
commonly used in the proximal spas.  The aim of this 
study is the assessment of their mineralogical, 
physical and technological properties relevant for the 
pelotherapy.  
 
2. MATERIALS, METHODS AND RESULTS 
The tests have been performed in eight 
representative samples from Mesozoic-Cenozoic 
clayey formations (at Torres Vedras, Penedo Beach 
near Costa da Caparica, Galé Beach near Sines, 
Monfortinho, and Vimeiro). A location is seen in 
Figure 1. Outcrops of the grey-coloured marly clay 
(Monfortinho), red-brownish clayey sandstone (Torres 
Vedras), grey marls and marly clays (Vimeiro), dark 
clays (P. Setúbal) and clayey fine-grained sandstone 
(Galé Beach near Sines) are illustrated by photographs 
2a, 2b, 2c, and 2d, respectively. For comparison,  the 
available data were selected from other sites, either 
where indoor commercial applications (Silva et al., 
2003) are already practicized, e.g. 
1. INTRODUCTION 
The pastes prepared with high quality bentonites
are suitable for use in both internal and external
therapeutic applications since historical times. Their
typical properties, mainly high swelling, heat
retention, and ease of handling have been
characterized empirically only. The pelotherapy of 
rheumatism, arthritis and bone-muscle traumatic
damages, the treatment of skin diseases and cosmetic
cleaning masks are most successfully applicated
(Ferrand and Yvon, 1991; Veniale and Setti, 1996;
Yvon and Ferrand,1996; Cara et al. 2000). In
Portugal, there are several natural occurrences of
clays/mudstones which are used for these purposes,
either indoor treatments in Thalassotherapy Centres
and Thermal Spas, or outdoor applications in natural
sites (Gomes et al., 2002, 2003, Silva et al., 2003), 
generally located near the seaside (beaches, coastal
lagoons). Peloids and the para-mud, representing the
peloid with paraffin admixture, are commonly applied
for arthritis and bone-muscle traumatic damages.
Clay-water baths, affecting human living quality, are 
successfuly used to recover lipo-dystrophies and
cellulitidae.  
M. Rebelo et al. 
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Table 1 Particle rice assessment and mineralogical representation of smectites 
Locality Ve-3 Ve-4 Ve-6 Mo-1 Vi-1 Vi-2 Si-1 Se-1 
<63 μm 89 63 96 39 53 72 11 60 
< 2 μm of which 50 35 55 36 42 37 68 63 
smectite (wt%) 10 5 25 20 25 50 15 61 
exchangeable cation Ca Ca Ca Ca Ca Ca Mg Ca 
 
Ve– Torres Vedras, Mo–Monfortinho, Vi–Vimeiro, Si–Sines, Se–P. Setúbal 
 
Table 2 Main physical and technological properties of the samples  
 
Locality/sample Plasticity 
Index (P. I.) 
wt. % 
Abrasivity 
Index 
(mg.m-2) 
CEC 
meq/100g 
SSA (m2 g-1) Specific 
heat (Cp in 
J/g °C) 
Cooling rate 
(min.) 
Torres Vedras 3 23 0.16 17.2 n.d. n.d. 27.5 
Torres Vedras 4 8 0.21 8.4 n.d. n.d.       23 
Torres Vedras 6 17 0.16      16   n.d. n.d.       29 
Monfortinho 35 0.11 20.2 n.d. n.d. 19.5 
Vimeiro 1 10 0.17 12.8 n.d. n.d. 27.5 
Vimeiro 2 14 0.19       25   n.d. n.d.      29 
Sines  10 0.01 11.8 n.d. n.d. 27.5 
P. Setúbal 22 0.22 13.4 n.d. n.d. 19.5 
Praia do Meco 34 0.27 18.6 14.5 1.22       18 
Praia da Consolaçăo 1 17 0.15 17.3 6.9 1.20 19.5 
Praia da Consolaçăo 2 21 0.14 16.9 20.9 n.d. 15.5 
Praia da Consolaçăo 3 18 0.24 12.4 20.9 n.d.       17 
Parede 1 11 0.11 24.2 15.5 1.46       16 
Parede 2 9 0.32 6.1 5.5 n.d.       14 
Serra de Dentro 161 0.11      89      79 3.55       25 
Vale das Furmas 60 0.15      25      50 3.15 16.5 
Vale de Cucos 8 0.35      11       18 3.45 19.8 
oriented aggregates (<2μm). Some criteria recom-
mended by Barahona (1974), Schultz (1964), Thorez 
(1976), Mellinger (1979), Peaver and Mumpton 
(1989) were followed. Major element analyses of 
clays (not shown here) were carried out by X.ray 
fluorescence and frame-spectroscopy methods (the 
latter only for Na and K).  Exchangeable cations were 
determined by flame-spectroscopy and atomic 
absorption method. 
Technological properties of these clays, such as 
cation exchange capacity (CEC), specific surface area 
(SSA), plasticity index (P.I.), abrazivity index, and 
heat diffusiveness have been assessed earlier. The 
CEC was estimated by the ammonium acetate method. 
Abrasivity was measured with an Einlehner AT-1000 
Abrasivimeter instrument. The plastic and liquid 
limits (and plasticity index) were determined in 
accordance with the Portuguesse norm NP 143-1969. 
Heat diffusiveness was assessed by a Dual 
thermometer. Results are given in Table 2. 
• Vale dos Cucos Thermal Spa (near Torres
Vedras), 
• Serra de Dentro (in Porto Santo Island, Madeira
archipelago),  
and Vale das Furmas Thermal Spa (in San
Miguel Island, Azores archipelago); 
or where outdoor empirical applications are
made,  e.g., in the beach areas (Gomes et al. 2002): 
• Meco Beach (near Costa da Caparica) 
• Consolaçăo Beach (near Vimeiro), and Parede
Beach (near Lisbon). 
Particle size distribution was assessed using wet
sieving and a X-ray grain size analyzer (Sedifraph,
model 5100 of Micromeritics). Results are inclosed in
Table 1. Each sample was dried, washed with distilled
water, and sieved under water to separate the silt/clay
sized fraction. Semiquantitative mineralogical
analyses of both fractions were performed by XRD
utilizing ramdomly-oriented powders (< 63 μm) and
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Fig. 1 Studied samples location. A - Monfortinho; B - Torres Vedras; C - Vimeiro; D -  Penedo Beach; E - Galé
Beach (Sines).
 
Fig. 2 Studied outcrops; from top left to bottom right: Monfortinho Miocene marly clays (a), Torres Vedras
Lower Cretaceous clayey sandstones (b), Vimeiro Jurassic marls/marly clays(c), and Galé Beach (Sines)
Miocene clayey fine sandstones (d). 
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Mineralogical and physicochemical
characterization of selected Portuguese
Mesozoic-Cenozoic muddy/clayey raw
materials to be potentially used as healing
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ABSTRACT: The use of pelitic geological materials for the treatment of muscle-bone-skin
pathologies, by application of a cataplasm made of clay and mineral water mixture, is currently
receiving attention and interest from the general public and scientific community. In Portugal there
are several natural occurrences of clays/muds which are used for pelotherapy and/or geotherapy.
These are carried out either indoors (thalassotherapy and thermal centres) or outdoors, in natural sites
generally located near the seaside. The aim of this study is to assess the mineralogical and
physicochemical properties of Portuguese raw materials for therapeutic purposes. These materials
were collected from different Portuguese Mesozoic-Cenozoic geological formations located in the
neighbourhood of thermal centres or at beaches known from their empirical applications. X-ray
diffraction (XRD) and scanning electron microscopy (SEM-EDS) were used to assess the
mineralogical composition of these clays. Physicochemical properties, such as specific surface
area, cation exchange capacity, plasticity/abrasiveness indices and heat diffusiveness were also
determined. Having distinct geological ages and genesis, the materials examined are mainly illitic.
Less abundant kaolinite and smectite are also present. With respect to their physicochemical
properties, all samples have good thermal properties which make them potentially suitable for
therapeutic or aesthetic purposes.
KEYWORDS: clay minerals, physicochemical properties, thermal mud, medicinal use, geotherapy, pelotherapy,
muddy/clayey raw materials, Portugal.
Clay minerals have been used for medicinal
purposes since ancient times, although the first
uses were based on empirical applications1. The
growing interest in human health and welfare has
increased the study of clay minerals for therapeutic
and aesthetic purposes.
Clay minerals are commonly used for the
preparation of thermal muds, applied in geotherapy
or pelotherapy (Carretero, 2002). These applications
are carried out in thermal centres for the treatment
of rheumatism, arthritis, bone-muscle traumatic
damage and skin diseases, as local or generalized
* E-mail: mrebelo@ua.pt
DOI: 10.1180/claymin.2010.045.2.229
1 Empirical applications are those whose therapeutic
effects were observed and experienced without any
thorough scientific studies.
ClayMinerals, (2010) 45, 229–240
# 2010 The Mineralogical Society
cataplasms. Also, clay minerals are used in
cosmetic cleaning masks and in aesthetic clay-
water baths to recover lipo-dystrophies and
cellulitis. Pelotherapy (or mudtherapy) is the use
of clay pastes (also called thermal muds or peloids)
for internal or external therapeutic applications.
Thermal muds are hydrothermal pastes, produced
by mixing clayey geomaterials with salty thermo-
mineral waters in a process known as maturation; it
is usually used for its stimulatory, anti-inflamma-
tory and analgesic action. This therapeutic effi-
ciency depends mainly on the mineralogical and
chemical composition of the clay, as well as its
technological properties (Ferrand & Yvon, 1991).
The main physicochemical properties shown by
thermal muds are a large specific surface area, high
cation exchange capacity, high specific heat and
small rate of heat diffusivity (Carretero & Pozo,
2007; Legido et al., 2007; Tateo & Summa, 2007).
Other parameters influencing thermal mud effi-
ciency, such as a large content of swelling-
exchanging clay minerals and large clay fraction
content, are also required as they are responsible for
good water/heat retention and absorptive capacity.
Good consistency and bio-adhesiveness, ease of
handling, pleasant sensation when applied to the
skin, cooling kinetics and exchange capacity
through mud/skin interface, are a result of these
properties and typical of a mature thermal mud
(Veniale et al., 2004, 2007).
In the present work, the suitability of clays for
therapeutic and aesthetic purposes were assessed
according to the following parameters: granulo-
metry, mineralogy, chemistry and physicochemical
properties. These parameters are responsible for the
therapeutic properties of thermal muds with their
application at thermal centres (Veniale et al., 2004,
2007; Carretero & Pozo, 2007; Legido et al., 2007;
Tateo & Summa, 2007).
Over the past three years, our research has been
aimed at gaining insight into the physicochemical
and mineralogical properties of some Portuguese
Mesozoic-Cenozoic clayey materials, some of
which have had therapeutic outdoor applications
in historical times (Rebelo et al., 2005; Terroso et
al., 2006). Hence, our main goal was the selection
of potential suitable materials for the formulation of
thermal muds and promoting their application in
Portuguese thermal centres. Taking into account
that the studied materials may require initial
separation of the silt-clay fraction (<63 mm) to
allow application of clay paste without disturbing
the treatment, this study focused on the silt-clay
fraction.
MATER IALS AND METHODS
Materials
We have studied samples from selected smectite-
bearing Portuguese Mesozoic-Cenozoic sedimentary
formations (Oliveira et al., 2002). Diverse geoma-
terials with empirical applications were collected
from Jurassic to Miocene age deposits (Rebelo et
al., 2005) near thermal centres and beaches (Fig. 1).
Jurassic materials were collected near Vimeiro
thermal centre and at Consolac¸a˜o beach. They include
Dagorda grey marls (VM8), Abadia marly clays
(VM9) and Consolac¸a˜o dark marly clays (CSB).
Lower Cretaceous clayey materials were collected at
Burgau beach and include green clays (BRG1, LUZ1
and PMOS1). Miocene materials were collected near
Monfortinho thermal centre and Meco beach
including: Sado Bassin clayey sandstones (GL10),
Torre grey marls (MON7) and Penedo dark clays
(PN11). Finally, bentonitic materials were collected
near Nisa thermal centre and include alteration
products of Benavila (BV4.2, VL1) and Pedro´ga˜o
(MR1) Hercynian eruptive rocks. The location of
these geological formations is shown in Fig. 1.
Methods
Wet sieving. Approximately 500 g of bulk sample
was wet sieved with 1 litre of distilled water on a
<63 mm sieve to separate silt-clay fraction (<63 mm)
from sand-gravel fraction (>63 mm). After drying at
5060ºC, the silt-clay separated fractions were
weighed and analysed. In samples VM8, VM9,
MON7 and GL10, the cementing minerals were
removed before wet sieving. The grain-size
distribution was determined using an X-ray
Sedigraph 5100 grain size analyser.
XRD analysis. Mineralogical analysis was carried
out by X-ray diffraction (XRD) analysis with a
Philips X-Pert diffractometer, using Cu-Ka radia-
tion. Random powder diffraction was used in the
silt-clay fraction study (<63 mm). Air-dried and
ethylene glycol solvated oriented aggregates of the
clay fractions were prepared on glass slides. All
oriented clay fractions were submitted to thermal
treatment (300º and 500ºC).
Semiquantitative estimates of the silt-clay frac-
tion and clay mineral assemblages were achieved
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by measuring diagnostic peak areas which were
determined by considering the full width at half
maximum (FWHM), and then weighted by empiri-
cally estimated factors or reflection powers
(Schultz, 1964; Biscaye, 1965; Galhano et al.,
1999; Oliveira et al., 2002). The quartz content was
estimated from the 4.26 A˚ reflection region, to
avoid mica interference.
The peak area of the most intense reflection of
phyllosilicates at a d value of 4.46 A˚ in non-
oriented preparations was used to estimate the total
proportion of clay minerals. Percentages of the
different clay minerals were then obtained from the
peak areas of diagnostic basal reflections of
minerals in the diffractograms of the ethylene
glycol solvated oriented aggregates. Given the
uncertainties of the semiquantitative method, the
results obtained should only be taken as rough
estimates of mineral percentages. However, it was
considered enough to define assemblages because
presence/absence or dominant/subordinate relation-
ships clearly allowed the establishment of distinct
clay groups. The value of d060 was used to
determine the octahedral character of all samples.
XRF and flame photometric analysis. Chemical
compositions of major, minor and trace elements
were determined by X-ray fluorescence (XRF) and
flame-photometric methods, using a Philips
FIG. 1. Location of the samples studied and neighbouring thermal centres (stars). Adjacent images show some of
the raw materials collected.
FIG. 2. Grain-size distribution assessed on silt-clay fractions.
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PW1404 X-ray fluorescence spectrometer and a
Coring 400 flame photometer (for Na and K).
EDS-SEM analysis. Chemical analyses were also
carried out on the clay fractions with a scanning
electron microscope (SEM) equipped with an
energy dispersive X-ray spectrometer (EDS) which
allowed image analysis of the surface of the clay
minerals (Delgado et al., 1992).
The clay fraction (<2 mm) was separated by
sedimentation according to Stokes’ Law. 10 g of
the silt-clay fraction of each sample, previously
disaggregated with a porcelain mortar were added
to a test tube with 1000 ml of distilled water. To
assess surface morphological properties and
chemical analysis of clay particles, a portion
(R1 g) of the clay fraction (powder) was fixed on
a carbon sticker and then covered with graphite
film. Criteria for clay mineral morphology,
proposed by Henning & Sto¨rr (1986), were used
in the interpretation of the electron micrographs.
EDS chemical analyses were carried out on the
surface of the clay particles.
Physicochemical properties. Specific surface area
was determined by BET using Micromeritics
Instrument Corporation Gemini II 2370 equipment.
Cation exchange capacity was determined by the
ammonium acetate method and exchangeable cations
by atomic absorption spectrophotometry using GBC
906 Scientific Equipment. The plasticity index was
calculated from Atterberg limits (Portuguese norm
NP 143-1969) and the Casagrande test. The
abrasiveness index was determined using Einlehner
AT 1000 equipment and the swelling index
according to the LNEC E200-1967 norm
(Portuguese version of ASTM D4829-95 standard
test method for expansion index of soils). The
specific heat was determined on dried samples by
differential scanning calorimetry (Shimatzu DSC-50)
and heat diffusiveness by heating the dried sample in
a small Teflon container up to 60ºC and measuring
the decrease of temperature to 30ºC at room
temperature (cool ing rate) with a Dual
Thermometer LT Lutron TM-906A .
RESULTS
Grain-size analysis
In general, samples contain more than 50% of the
silt-clay fraction, except for MON7, GL10, BV4.2
and MR1 (Fig. 2). The clay fraction content is
greatest in CSB, PMOS1, BRG1 and LUZ1.
Mineralogical composition (<63 mm)
For the majority of samples, the phyllosilicate
content is ~50%, always accompanied by some
quartz (Table 1). Other detrital minerals, such as K-
feldspar and plagioclase, are abundant, especially in
samples VM8, VM9, LUZ1, MON7, PN11 and VL1.
In fact, only CSB, PMOS1, BRG1, GL10 and BV4.2
have small quartz contents (BV4.2 is quartz free).
TABLE 1. Mineralogical composition of the clay samples (wt.%).
Sample VM8 VM9 CSB PMOS1 BRG1 LUZ1 MON7 GL10 PN11 BV4.2 VL1 MR1
Quartz 32 17 5 2 6 15 30 1 20 0 21 10
K-feldspars 8 9 0 0 1 1 4 3 2 1 5 10
Plagioclases 8 5 4 0 1 1 2 0 15 1 10 15
Kaolinite 20 5 5 0 5 0 10 65 5 0 3 0
Mica-illite 21 29 32 50 65 70 20 20 30 0 20 5
Palygorskite 0 0 0 0 0 0 20 0 0 20 0 0
Smectite 0 12 5 0 0 0 2 0 12 65 13 43
Chlorite 3 9 5 0 0 2 4 1 0 5 0 10
Calcite 0 9 30 42 12 0 0 1 6 5 16 5
Dolomite 2 0 8 0 0 0 0 0 0 0 0 0
Siderite 1 0 1 0 0 0 1 0 2 0 0 0
Iron oxides 4 5 4 6 10 11 5 4 4 0 3 2
Cristobalite 1 0 0 0 0 0 0 0 2 0 5 0
Anhydrite 0 0 1 0 0 0 2 0 0 0 4 0
Halite 0 0 0 0 0 0 0 5 2 0 0 0
Hornblende 0 0 0 0 0 0 0 0 0 3 0 0
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Carbonates, such as calcite and dolomite, are also
present in all samples except for LUZ1 and MON7
(Table 1). Calcite is the most common carbonate,
being abundant in CSB, PMOS1, BRG1 and VL1
while dolomite and siderite are present in a few
samples. Fe oxides are present in all samples,
especially BRG1 and LUZ1. Cristobalite, anhydrite
and halite are present in trace amounts in a few
samples. Hornblende was determined only in
BV4.2.
FIG. 3. Representative SEM images of clay particles. Images on the left correspond to particles in samples BV4.2,
VL1 and MR1. Images on the right correspond to particles in samples CSB, LUZ1 and BRG1.
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The most common clay mineral is illite, usually
accompanied by kaolinite and, in a few samples,
smectite (Table 1). The exceptions are GL10, in
which kaolinite is more common, and BV4.2 and
MR1, in which smectite is the main clay mineral.
Chlorite is also present in a few samples but is
never >10%. Palygorskite is the less common clay
mineral; it was observed on MON7 and BV4.2,
never >20%. Therefore samples BRG1 and LUZ1
can be classified as illitic clays, GL10 is kaolinitic
and BV4.2 is smectitic. Nevertheless illite is the
most common clay mineral among the studied
samples.
According to the d060 reflections, all samples
were characterized mainly by dioctahedral clay
minerals, the most common being illite-muscovite.
In BV4.2, MR1, VL1 and VM9 the most abundant
mineral is smectite. Trioctahedral/di-trioctahedral
clay minerals were also determined in PN11 and
MON7 (minor biotite and palygorskite).
SEM-EDS analysis
SEM images of clay particles showed two
representative morphologies (Fig. 3). Samples with
greater illite contents, such as BRG1 and LUZ1, are
characterized by elongated and transparent platy
particles with irregular contours (Fig. 3). EDS
analysis showed an abundance of K, Fe and Ca,
confirming the presence of illite.
In smectitic samples, such as BV4.2, MR1 and
VL1, the surface of larger clay particles display a
scaly arrangement, often with folded contours
(Fig. 3). EDS analysis of these particles showed
the presence of Ca and Mg. Na is a less common
element observed in EDS spectra. It is common in
illitic samples whereas in smectitic it was observed
only in MR1.
The SEM studies confirmed the abundance of
illite in the samples analysed. Isolated smectite
particles and fibrous morphologies were not
observed in samples MON7 and BV4.2. EDS
TABLE 2. Major-element contents of the samples studied (wt.%). LOI = Loss on Ignition.
Sample VM8 VM9 CSB PMOS1 BRG1 LUZ1 MON7 GL10 PN11 BV4.2 VL1 MR1
SiO2 67 56 35 28 45 58 64 43 63 50 57 58
Al2O3 15 17 14 10 17 18 15 30 14 12 12 21
Fe2O3 5 7 7 7 12 10 6 4 6 13 5 4
CaO 1 4 18 27 7 1 0 0 4 5 9 3
K2O 3 4 4 4 6 6 3 2 3 0 2 2
MgO 1 2 3 2 1 1 3 1 2 6 2 3
TiO2 1 1 1 0 1 1 1 0 1 0 1 0
Na2O 1 1 0 0 1 0 1 3 1 0 1 1
LOI 6 8 18 22 10 5 7 17 6 14 11 8
FIG. 4. Trace elements in the samples studied. Potentially toxic elements are marked by asterisk (*).
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analysis confirmed that the phyllosilicates analysed
have large K, Mg, Ca and Fe contents. These EDS
results, together with XRD d060 reflections, showed
that some of these clay particles are dioctahedral
smectites from the beidellite–montmorillonite
series.
Chemical composition
Silica is the more abundant major oxide, except
for sample PMOS1 which contains abundant
carbonates (Table 2). The greatest SiO2 contents
were observed in VM8, MON7 and PN11, while
Al2O3 and Fe2O3 are present in minor quantities.
GL10 is the more aluminous and BV4.2, LUZ1 and
BRG1 are the more Fe-rich samples. Ca, K and Mg
are the less abundant major elements. Exceptions
are observed in those samples rich in carbonates
(CSB and PMOS1). Na and Ti are present in trace
quantities, with GL10 having a greater Na content.
Loss on ignition (LOI) is usually ~10%, but in
CSB, PMOS1 and GL10 it reaches 20%.
Barium is the most abundant trace element,
reaching 300 ppm on average. Sample BV4.2 has
a greater Cr content (Fig. 4). Among the chemical
elements which are potentially toxic and not
allowed in cosmetic products, Zn and Cu are
considered to be the main hazardous ones. They
exhibit the greatest values compared with As and
Pb. Apparently, these concentrations are not
considered dangerous, although in sample PN11,
Cu is abundant (553 ppm).
Physicochemical properties
Specific surface area. The majority of samples
(Fig. 5) exhibit specific surface area (SSA) values
of ~20 m2 g-1 (PMOS1, BRG1 and LUZ1 have
greater values). There is a positive relation between
SSA values and clay fraction content, mainly in
samples which contain illite as the main clay
mineral (Fig. 6).
Cation exchange capacity. The cation exchange
capacity (CEC) of the samples investigated
(Table 3) is <20 meq/100 g (VM9, MON7,
BV4.2, VL1 and MR1 have greater values). The
CEC values seem to be associated with the smectite
content. The main exchangeable cation is Ca2+
except for PMOS1, BRG1, LUZ1 and GL10 in
which the main exchangeable cation is Na+ (see
Table 3) and in BV4.2 and MON7 which have
abundant exchangeable Mg2+ and Ca2+.
Technological properties. The plasticity index
varies generally between 10 and 20% (MON7 and
MR1 showing greater values). Liquid limits (LL)
are >50% in LUZ1, MON7, PN11, BV4.2, VL1 and
FIG. 5. Distribution of specific surface area in the samples studied.
FIG. 6. Pearson’s correlation between the clay fraction content and SSA values in the samples studied.
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MR1, the last one showing LL >100%. Plastic
limits are ~30%, being greater in those samples
with higher LL values (Table 4). When projected
onto a Casagrande Chart (Fig. 7), only three
samples (BV4.2, MON7 and MR1) can be classified
as high-plasticity clays.
The swelling index values are usually ~30% and
only BV4.2 reaches 50%. The abrasiveness index
(Table 4) is ~0.15 g m2 in the majority of the
samples, with CSB, PMOS1, BRG1 and GL10
being less abrasive.
Thermal properties. The samples usually cooled
from 60 to 30ºC within 1530 min (Fig. 8). The
smallest cooling rate was observed for BV4.2
(cooling achieved in 30 min) and the greatest
rates were observed for PMOS1, BRG1 and LUZ1.
Specific heat values varied significantly and
occasionally exceeded 2 J/gºC. In sample BV4.2
the specific heat was almost 3 J/gºC.
D I SCUSS ION
Mineralogy and geochemistry
Most of the samples have small proportions of
clay (Fig. 2) and only a few can be considered as
clayey materials (PMOS1, BRG1, LUZ1). This
scarcity of clay particles, related to the origin of
the samples, influences some important technolo-
gical properties, such as specific surface area,
cation exchange capacity, consistency and abra-
siveness. The Fe content of sample BV4.2 is
related to the presence of an Fe-rich mont-
morillonite, which is typical of hydrothermal
alteration of eruptive rocks (Weaver & Pollard,
1975) cropping out in the areas studied. This fact
can also explain the greater than expected value for
Cr (0.104% in the bulk sample). According to
Weaver & Pollard (1975), Cr2O3 is present in some
Fe-bearing dioctahedral montmorillonites/nontro-
nites which are associated with altered basalts
(Koster, 1960). Furthermore, this is a typical
concentration for ultrabasic magmatic rocks
(Carretero & Pozo, 2007). Before assessing Cr
toxicity and bioavailability, it is important to
determine its oxidation state (Cr4+ or Cr6+) since
this determines its toxicity. This will take place in
further work.
The concentration of Cu is eight times the normal
concentration of Cu in soils (Carretero & Pozo,
2007). This may be related to the weathering of
sulphides. Although in sample PN11 pyrite and
TABLE 3. Exchangeable cations and respective CEC values (cmol kg1). SCat = sum of exchangeable cations.
Sample VM8 VM9 CSB PMOS1 BRG1 LUZ1 MON7 GL10 PN11 BV4.2 VL1 MR1
Ca2+ 6 39 48 1 0 0 4 3 33 28 32 26
Mg2+ 1 4 0 1 2 2 4 14 2 27 6 10
Na+ 3 3 6 48 45 5 0 93 6 1 2 0
K+ 1 1 1 1 1 2 1 2 1 0 0 0
SCat 11 47 55 51 48 9 9 112 42 56 40 36
CEC 13 25 7 3 8 12 20 12 13 73 20 68
FIG. 7. Projection of plasticity indices and liquid limits in the Casagrande chart. Line A is an empirical boundary
for classification of cohesive soils (Bain, 1971). CH, high-plasticity. clays; CL, low-plasticity clays; ML and MH,
silt and organic soils of low and high plasticity
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chalcopyrite were not detected, the surrounding
rocks contain up to 8% of these minerals (Silva,
1999). Sample PN11 could be toxic for these
applications and the bio-availability of Cu must be
checked, especially considering that this sample is
being used in empirical applications.
According to European directives, trace elements
such as As, Se, Cd, Hg, Te, Tl and Pb are not
allowed in cosmetic materials, including clays and
peats for pelotherapy (European regulation
n.85/391/CEE, 86/179/CEE and 86/199/CEE). In
addition, Canada and United States F.D.A. (Food
and Drug Administration) regulations also state that
heavy metal concentrations in cosmetic products
must be avoided if they exceed 10 ppm in the case
of Pb, 3 ppm for As, Cd, Hg and 5 ppm for Sb.
From a geochemical standpoint the concentra-
tions of Pb and As in the samples studied
approximate to their abundances in Earth’s upper
crust (Li, 2000) as well as to those obtained in
commercial muds and face masks made from
material sourced from the Dead Sea (Abdel-Fattah
& Pingitore, 2009). However, from a risk
standpoint, only sample BV4.2 meets the US and
Canada regulations regarding the abundances of As
and Pb.
Physical and chemical properties
The specific surface area is typical of illitic clays
(Carretero & Pozo, 2007) and is also related to the
sizes of the clay fraction. This is the reason why
samples such as BV4.2 and MR1, although having
large smectite contents in the clay fractions, have
small specific surface area values due to their small
clay fraction content. The cation exchange capacity
is also typical of illitic clays (Carretero & Pozo,
2007), although on the more carbonated samples
(PMOS1, BRG1, LUZ1 and CSB) larger values
were expected (Dohrmann, 2006). In these cases,
CEC and exchangeable cation values are often
inflated to a large extent, because carbonates are
partially dissolved during the exchange experiments
and interact with electrolyte-rich solutions.
The sum of exchanged cations is not equivalent
to the cation exchange capacity (Table 3). After re-
FIG. 8. Heat diffusiveness and specific heat values of the samples studied.
FIG. 9. Relationship between exchangeable cations and soluble cations (Extracted from Health Canada Draft
Guidance on Heavy Metal Impurities in Cosmetics on www.hc-sc.gc.ca/cps-spc/legislation/consultation/_cosmet/
metal-metaux-consul (07-08-2009).
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distributing the number of soluble cations it was
shown that only a few of the cations determined
result from ion exchange. In fact, the majority of
Ca2+ ions determined is in excess and results from
carbonate dissolution (Fig. 9). In the particular case
of Na+, its excess can also result from the
interaction with seawater in samples for which the
location is near or inside tidal zones.
In sample GL10 the main exchangeable cation is
Mg2+, whereas in samples CSB and PN11 they are
Na+ and Ca2+. Samples PMOS1 and BRG1 are poor
in Na+. Finally in samples VL1, BV4.2 and MR1,
the main exchangeable cation is Ca2+ due to the
presence of abundant smectite. In samples GL10,
CSB, PN11, PMOS1, BRG1, VL1, BV4.2, MR1
and MON7 the sum of exchangeable cations is
smaller than the CEC. According to Roth et al.
(1969) and Zhuang & Yu (2002), positively charged
coatings such as metal oxides may be adsorbed on
clay particle surfaces and thus they may partly
balance the negative layer charge. These positively
charged coatings may be dissolved, liberating
negative charges and increasing the CEC (Favre et
al., 2006).
The plasticity indices and Atterberg limits are
small, even for illitic materials (only samples BV4.2,
MON7 and MR1 have high plasticity), probably due
to the large number of non-clay components. The
same is also observed for swelling properties. In
terms of water absorption, the smectite-rich BV4.2
and MR1 display maximum adsorption although the
observed swelling is smaller than expected for
smectite-rich materials. The quartz-rich samples
exhibit larger values of abrasivity (Table 1). In
sample BV4.2 which is quartz-free, the abrasivity
observed is due to the presence of mafic minerals.
Thermal properties are adequate in almost all
samples because the common duration of a treatment
by application of clays varies typically between 15
and 30 min. Only PMOS1, BRG1 and LUZ1 have
cooling rates that could be considered inadequate.
Specific heat values are also in accordance with
those of typical therapeutic clays (Carretero & Pozo,
2007), although samples CSB and PN11 have
specific heat values which are too small for these
applications.
FUTURE WORK
The small phyllosilicate content is a remarkable
characteristic of the samples examined. According
to Veniale (2007), this disadvantage can be
T
A
B
L
E
4
.
T
ec
h
n
o
lo
g
ic
al
p
ro
p
er
ti
e
s
o
f
th
e
sa
m
p
le
s
st
u
d
ie
d
.
S
am
p
le
V
M
8
V
M
9
C
S
B
P
M
O
S
1
B
R
G
1
L
U
Z
1
M
O
N
7
G
L
1
0
P
N
1
1
B
V
4
.2
V
L
1
M
R
1
A
tt
er
b
er
g
li
m
it
s
L
iq
u
id
li
m
it
%
3
2
4
3
3
9
4
5
4
4
5
1
9
3
4
0
5
4
6
5
5
4
1
2
7
P
la
st
ic
li
m
it
%
2
3
2
8
2
8
2
8
2
9
3
3
5
8
3
0
3
2
5
1
3
5
5
9
P
la
st
ic
it
y
in
d
ex
%
9
1
4
1
1
1
7
1
5
1
8
3
5
1
0
2
2
1
4
2
0
6
8
S
w
el
li
n
g
%
1
2
2
9
1
6
–
N
o
t
as
se
ss
ed
–
2
5
9
2
1
5
1
3
0
4
5
A
b
ra
si
v
en
es
s
(g
m

2
)
0
.1
7
0
.1
9
0
.0
6
0
.0
5
0
.0
7
0
.1
5
0
.1
1
0
.0
4
0
.2
2
0
.1
4
0
.2
5
0
.0
8
238 M. Rebelo et al.
improved by blending with a phyllosilicate-rich
clayey material. Also, the physicochemical proper-
ties can be improved during maturation. Further
research will establish the effect of the admixture of
clayey materials with minero-medicinal water of
different characteristics and phyllosilicate-rich
clayey material.
On the other hand, the determination of
rheological properties will allow the assessment of
the efficiency of these clays for topical treatment,
since this property suggests their suitability for
treatment (Carretero & Pozo, 2007). Furthermore,
other important parameters for evaluating the
effectiveness of thermal mud applications on the
body skin, such as bio-adhesiveness and adsorption
capacity, need to be assessed. In order to address
other important aspects referred to in the present
work, the mobility of some potentially hazardous
chemical elements such as Cr and Cu needs to be
assessed by leaching and bio-availability tests
(Tateo & Summa, 2007).
CONCLUS IONS
The samples studied here have a medium to small
phylllosilicate content and contain a relatively small
amount of swelling clay minerals with CEC. The
clay fraction content is also small, and some
abrasive minerals are present. The chemical
composition varies considerably, but concentrations
of hazardous elements present a limited risk. These
compositional and textural characteristics affect
some relevant parameters required for therapeutic
use. In fact, the samples exhibit small specific
surface areas and low cation exchange capacities.
However, they still have good application potential,
especially in applications which require thermal
properties and consistency. A summary of the
physicochemical properties obtained is depicted in
Table 5. Based on their properties, for therapeutic/
cosmetic purposes bentonitic materials are the most
suitable for the formulation and warm application
of both geotherapy and pelotherapy. Nonetheless,
the remaining groups may also be suitable,
especially for heat treatments.
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Technical specifications
In order to be used in therapeutics, geological materials must comply with a number of specifications. In
particular, clays used as pharmaceutical rawmaterials must be safe. As a product to bemanipulated during the
manufacture of drug dosage forms, they are also required to satisfy a number of technological features,
including flowability and texture. With these premises, this work aimed to characterize mineralogical,
textural and technical properties of Portuguese clayey raw materials belonging to well known formations
(from Upper Jurassic to Miocene in age). Some of these materials are used in particular beaches for their
therapeutic properties. The present study showed that mineralogical and chemical compositions of the
samples allow for their safe therapeutic application. Nevertheless, in some particular samples, it could be
necessary to reduce the quartz content and coarse particles before use. Bulk samples showed better flow
patterns than the b63-μm samples. For that, the use of bulk samples is preferred over separated samples. The
most suitable materials for medical hydrology applications were those belonging to Freixial, Aveiro, Barracão,
Luz, Xabregas and Serra de Dentro Bentonite formations.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction
Healing muds are dispersions composed by geological materials
dispersed in salty or mineral waters (Veniale et al., 2004). These
therapeutic materials are used in medical hydrology therapies
because of their particular properties. These properties result from
their chemical and mineralogical characteristics (Carretero et al.,
2007; Gomes and Silva, 2007; Tateo and Summa, 2007; Veniale et al.,
2007) as well as other synergistic mechanisms such as thermal,
mechanical and biochemical factors (AAVV, 2004; De Bernardi and
Pedrinazzi, 1996; Tateo et al., 2009).
To be used in therapy, geological materials must comply with a
number of specifications (López-Galindo et al., 2007). Clays used as
pharmaceutical raw materials must be safe (Community Directive 2001/
58/EC;USDepartment of Labor, OSHACFR1910.1200). Theymust comply
with several requisites including the accurate identification of the
substance, composition, hazards identification, handling and storage,
physical and chemical properties, stability and reactivity, and toxicological
information. The presence of quartz and fibrous minerals has to be
avoided or limited (López-Galindo et al., 2007). In addition, as natural
materials, the presence of major and trace elements on these muds must
be carefully controlled because of their potential hazardous or beneficial
effects on health (Jobstraibizer, 1999;Minguzzi et al., 1999; Sánchez et al.,
2002; Summa and Tateo, 1998; Veniale, 1999; Veniale et al., 1999, 2004).
Besides these safety requirements, the possible uses of raw clay
pharmaceuticalmaterialswill dependon their technical properties,which
will determine their intended or recommended final uses (EP 6th, 2007;
USP, 2010). Therapeutic muds are semisolid products administered
topically. Consequently, they must be optimized to satisfy a number of
technological features regarding manipulation, administration and effect
(Viseras et al., 2007). On the other hand, the presence of special clay
minerals like kaolinite, talc, smectites, palygorskite and sepiolite is desired
because of their colloidal dimensions, high specific surface area, high
cationic exchange and sorptive characteristics. These well appreciated
characteristics also lead to good technical properties (Carretero et al.,
2007; Veniale et al., 2004). Before their dispersion in water, clay powders
must flow adequately to allow their manipulation, and once dispersed in
the mineral water, the resultant mud must show optimal rheological
attributes that assurephysicochemical stability. This avoids sedimentation
of the solid phase, eases the handling and application, besides leaving a
pleasant sensation when the mud is spread on the skin.
With these premises, we studied some Portuguese clayey raw
materials broadly used for healing and other purposes (Gomes, 2002;
Reis, 2005; Silva et al., 2003) which showed a potential therapeutic
interest for thermal centers. These studies revealed the great
potentialities of Porto Santo Bentonite for complementary applica-
tions in treatments of rheumatic and orthopedic disorders. Further-
more, they evidenced that some Portuguese common clays exhibited
relevant technological properties for pelotherapy applications. These
materials were considered in order to determine their suitability as
potential components of therapeutic peloids to be used in medical
hydrology treatments. In addition, we compared them with a clayey
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material commercialized in Portugal for healing and cosmetic
purposes.
2. Materials and methods
The studied materials (Table 1) were collected from various
Portuguese formations (Fig. 1) because of their significant amount of
clayey materials (Gomes, 2002; Oliveira et al., 2002; Rebelo et al., 2005).
In the Lusitanian Basin, along the Western-Central border, clay-rich
sediments from Jurassic to Pliocene age were sampled. In particular,
samples L1 (Boa Viagem), L2 (Freixial) and L3 (Abadia) corresponded to
clay-rich levels of Upper Jurassic formations (Alves et al., 2002; Bernardes,
1992; Kullberg, 2000; Rocha et al., 1996). Samples L4 (Torres Vedras) and
L5 (Figueira da Foz)were fromLowerCretaceous formations (Dinis, 1999;
Kullberg, 2000; Rey, 2003). L6 (Rodísio) and L7 (Aveiro) samples were
collected from Upper Cretaceous formations (Rey, 1999; Rocha and
Gomes, 2002, 2003). L8 (Barracão) was from a Pliocene formation
(Barbosa, 1983). Most of the samples are currently used as raw ceramic
materials (L2, L4, L5, L7 and L8) and sample L6 is used empirically on
Parede Beach (Lisbon) for the recovering of bone disorders (Reis, 2005).
In the Algarve basin, along the Southern border, Lower Cretaceous
sedimentary clays of theWealdian (A1) and Luz (A2, A3) formations (Rey
et al., 2006) as well as Miocene clayey materials of the Cacela (A4)
formation (Cachão, 1995) were sampled. A1 is broadly used as a ceramic
rawmaterial andA2 is employed for recovering skinandbonedisorders at
Burgau and Luz Beaches (Gomes, 2002; Trindade, 2007).
In the Tagus Basin, Central Portugal, samples were taken from
Paleogene sediments belonging to the Sarzedas (T1) formation
(Cunha, 1987; Cunha and Reis, 1985), and Miocene sediments of the
Torre (T2) formation (Cunha, 1996).
Miocene clayey sediments were also collected from another Tertiary
basin, the Sado basin, located at Setúbal Peninsula. They included two
samples belonging to the Xabregas (S1) and Penedo (S2) formations
(Antunes et al., 1992; Cotter, 1956; Romariz and Carvalho, 1961;
Zbyszewski, 1967; Zbyszewski et al., 1965). Both of them are used at
CostadaCaparica andMecoBeaches for the treatmentof skindiseases and
aesthetic purposes (Gomes, 2002; Reis, 2005).
In the Hercynian Massif, at Alentejo region, clayey materials with a
completely different origin were sampled. In this zone, common clay
deposits are restricted to Palaeozoic altered schists occurrences,which are
associated to marbles and dolomites of the Moura-Ficalho volcano-
sedimentary complex (O1) (Oliveira et al., 1991). On the other hand,
bentonites resulting from the alteration of Benavila's quartz diorites are
located in one of the most important bentonite deposits in Portugal
(Gomes, 2002), in the Avis Region (O2) (Dias et al., 2004).
In Madeira archipelago, sample O3 was collected from a large
bentonite deposit located at the Serra de Dentro (Porto Santo Island).
This deposit originated from the alteration of Miocene submarine tuffs
and breccias (Silva, 2003). Thematerial from this deposit is commonly
used for complementary treatments of rheumatic and orthopaedic
affections (Gomes and Silva, 2001).
For each of the formations described above, about 5 kg of
representative materials was taken. A commercial green clay was
also studied for comparative purposes. This clay is sold in many
Portuguese stores for internal and external use in the treatment of
multiple affections and is manufactured by PROVIDA® Natural
Products. Samples were wet sieved (63 μm mesh) and the clay
fraction (b2 μm) was separated by sedimentation according to Stokes
law and dried at 60 °C.
2.1. Mineralogy and geochemistry
The mineralogical composition was determined by X-Ray Powder
Diffraction (XRPD) using a Philips® X-Pert diffractometer with Cu Kα
radiation. Random powder diffraction was used on silt–clay fraction, and
air-dried/ethylene glycol solvated oriented-aggregates of the clay
fractions were prepared on glass slides. All oriented clay fractions were
submitted to thermal treatments (300 and 500 °C). The diffraction data
were analyzed using theXPOWDER®computer program (Martín-Ramos,
2004). Formineral quantification, the quantitative option of the XPOWER
program was used considering the chemical analysis of major elements.
Furthermore, the calculated structural formulae of the clayminerals were
used as supplementary control data (López-Galindo et al., 1996). The
experimental error was ±5%.
Table 1
Description of the samples.
Age Sample Formation
Lusitanian Basin Upper Jurassic L1 Boa Viagem
L2 Freixial
L3 Abadia
Lower Cretaceous L4 Torres Vedras
L5 Figueira da Foz
Upper Cretaceous L6 Rodísio
L7 Aveiro
Pliocene L8 Barracão
Algarve Basin Lower Cretaceous A1 Wealdian
A2 Luz
A3 Luz
Miocene A4 Cacela
Tagus/Lower-Tagus Basin Paleogene T1 Sarzedas
Miocene T2 Torre
S1 Xabregas
S2 Penedo
Alteration Products Palaeozoic O1 Ficalho
Paleogene O2 Benavila
Miocene O3 Serra Dentro
Commercial product O4 Provida® green clays
Fig. 1. Location of the samples.
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The chemical composition of major, minor and trace elements of
the b63-μm fraction was determined by XRF and flame-photometric
methods, using a Philips PW1404 X-ray fluorescence spectrometer
and a Coring 400 flame photometer (for Na and K).
Transmission electron microscopy (TEM) was preferentially used
to obtain the structural formulas of the identified clay minerals.
Observations and microanalyses were performed on several individ-
ual clay mineral microparticles and the average compositions of these
clay minerals were calculated. Analyses were conducted using a
PHILIPS CM 20 TEM/STEM fitted with an EDAX energy dispersive X-
ray detector operated at 100 Å beam diameter and a 200×1000 Å
scanning area.
2.2. Granulometry, morphology and microtexture
The grain size distribution was determined by an X-ray beam
particle size analyzer (Micromeritics® Sedigraph 5100), which
measures the gravity-induced settling rates of different particles
(0.5–250 μm diameter) in a liquid with known properties.
Clay particles morphology data were obtained using a Leo 1430 VP
Scanning Electron Microscope (SEM) equipped with an Oxford
Instruments INCA 350v.18 microanalysis system using X-Ray disper-
sive energy system (EDS).
2.3. Flow properties
As indirect method for flow characterization, the common
pharmacopoeias propose the measurement of bulk density (EP 6th,
2007; USP, 2010). By using the apparatus described in the European
Pharmacopoeia (EP 6th, 2007), and following the proposed method-
ology, 30 g of each powder sample (total and b63 μm fraction) was
introduced in a 250-mL cylinder and the corresponding bulk volumes
were measured. Then, by using the mechanical tapping device, the
powder was tapped at a constant velocity so that the initial bulk
density (d0) was reduced depending of the number of taps (d10, d500
and d1250). The measured bulk volumes and corresponding densities
were used to calculate compressibility Carr index and Hausner ratio,
both used to quantify powder flow (Wells and Aulton, 2007).
3. Results and discussion
3.1. Mineralogical composition
The mineralogical composition of the b63-μm samples is shown in
Table 2. The sediments of the Lusitanian Basin (samples L1–L8) were
rich in quartz, white micas and kaolinite independently of their age.
Detrital tectosilicates (quartz, K-feldspar and plagioclases) accounted
for about a third of the total composition, and calcite was only
significant in L1 and, into a lesser extent, in L3. With regards to clay
minerals, kaolinite was rich in the Lower Cretaceous and Pliocene
sediments, where it reached 63% of the bulk composition. White
micas were always present with noticeable quantities (between 15%
and 48%), having a high crystallinity according to the Kübler's index of
the white micas (Kübler, 1967), in the Jurassic samples. Smectites
were only detected in L1 and L7, chlorite in L3 and palygorskite in L8,
but they represented 8% or less of the bulk composition. Fe-oxides
were also found in low to moderate amounts.
Concerning Algarve basin Cretaceous sediments (samples A1–A3),
they were rich in illite1 and, to a lesser extent, in quartz and Fe-oxides.
Carbonates were only significant in sample A3 and kaolinite content
was highly variable (from b5% up to 20%). This mineralogical
composition was different in the Miocene sample (A4) where detrital
tectosilicates accounted for 61% of the bulk composition, and smectite
was well represented (10%). Also, this was the only sample containing
cristobalite.
The samples of the Tagus (T1 and T2) and Sado (S1 and S2) basins
showed similar quantities of feldspars and high amounts of quartz.
Carbonate and Fe-oxides contents were very low (Veniale et al.,
2007). Concerning the clay minerals, illite appeared in lower amounts
when compared with the above mentioned sequences. It showed
better crystallinity in S2 (Fig. 2) while S1 showed significant
quantities of kaolinite in the bulk sample. The presence of palygors-
kite in T1 and T2, reaching up to 35% of the bulk sample, should be
mentioned. These results were in agreement with previous studies
(Dias, 1998; Dias et al., 1997). Smectites (ranging from 5% to 10%) and
chlorites (b5%) were identified in all sediments, with exception of S1
which did not contain chlorite.
In the altered products (O1–O3), in contrast to the sediment
samples, low contents of quartz were observed. K-feldspars were
almost absent, and plagioclases showed significant amounts (18% of
Na-plagioclase in O1 and 21% anortite in O3). Carbonates were
detected in all these samples and were particularly well represented
in O2 (16%). Fe-oxides were found in all samples, and amphibole was
identified in O2. Smectites were present in the alteration products of
Palaeozoic rocks but only reached high content (40–53%) in the
Tertiary samples, one of which (O2) contained the only illite–smectite
mixed layer mineral. Illite was present in highly variable amounts (3–
Table 2
Mineralogical composition of the samples (in mass %).
Sample L1 L2 L3 L4 L5 L6 L7 L8 A1 A2 A3 A4 T1 T2 S1 S2 O1 O2 O3 O4
Quartz 17 32 26 29 30 23 28 12 27 36 7 50 20 36 29 37 15 2 1 10
K-Feldspar 2 4 8 5 2 3 4 2 4 2 8 1 3 2 5 2 – 1 – –
Na-Plagioclase 1 1 6 1 1 1 2 1 2 1 1 10 1 2 7 12 18 – – –
Anortite – – – – – – – – – – – – – – – – – 7 21 –
Calcite 25 – 7 – – 1 1 – – – 12 – 3 – 3 6 5 12 4 46
Dolomite – 1 1 – – – – – – 1 – – – – – – – 4 – 10
Gypsum – – – – – – – – – – – – – – – – – – – 2
Anhydrite – – – – – 1 – – – 1 – – – – – – – – – –
Siderite – 1 – – – – – 1 – – – – – – – – 3 1 – –
Fe Oxide/Hydroxide 4 4 5 15 11 5 4 2 7 8 10 1 2 3 3 2 3 5 9 2
Anatase – – – – – – – – – – – – – – – – – – 2 –
Hornblende – – – – – – – – – – – – – – – – – 3 – –
Cristobalite – – – – – – – – – – – 3 – – 2 – – 1 – –
Kaolinite 18 22 8 28 36 18 22 63 20 4 11 8 7 10 20 5 22 16 – 10
White micas (Illite) 23 34 31 22 20 48 34 15 35 47 50 17 17 20 21 27 21 3 10 10
Palygorskite – – – – – – – 3 – – – – 35 20 – – – – – –
Smectite 10 – – – – – 5 – 5 – 1 10 7 5 10 7 13 40 53 9
Chlorite – – 8 – – – – – – – – – 5 2 – 2 – – – –
I-S – – – – – – – – – – – – – – – – – 5 – –
1 The term “illite” is referred as a non-expandable dioctahedral aluminous mica-like
mineral occurring in the b4-μm clay size fraction.
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21%), and kaolinite, not always present, appeared both in Palaeozoic
and Tertiary alteration products.
The commercial product (O4) was very rich in carbonates (46%
calcite, 10% dolomite), and presented similar contents of quartz,
kaolinite, illite and smectite (about 10%). Lesser quantities of gypsum
and Fe-oxides were also present.
The average structural formulas for the identified clay mineral
particles are shown in Table 3. From the mineralogical point of view,
10 20 30
0
100
400
900
1600
T2
Position [°2Theta]
10 20 30
0
400
1600
T1
10 20 30
0
100
400
900 S1
Position [°2Theta]
10 20 30
0
100
400
900 S2
Position [°2Theta]
Position [°2Theta]
Fig. 2. XRD patterns of air-dried oriented aggregates from Tertiary samples, with mica/illite showing better crystallinity in sample S2. [Legend: Qz=Quartz; Fs=Feldspars; M/
I=Mica/Illite; K=Kaolinite; Ca=Calcite; S/Cl=Smectite/Chlorite; P=Palygorskite.]
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the a priori most convenient samples to be used in future medical
hydrology applications should be L2, L6, L8, A3, T1, S1, O2 and O3,
because they have reasonable clay mineral contents, usually around
50–60% in the b63-μm fraction.
3.2. Granulometry and micromorphology
Grain size distribution of bulk sediments is shown in Fig. 3. In the
Lusitanian basin sediments, significant quantities (30–40%) of sand-
sized particles were found in L1, L3 and L5. Jurassic samples were rich
in silt-sized particles while Cretaceous and Pliocene sediments were
rich in clay-sized particles. This fine fraction accounted for almost 80%
of samples L7 and L8. In the Algarve basin sediments, only samples A2
and A3 showed an important clay-sized fraction (around 60%), while
the Miocene sample, the richest in quartz, presented almost 80% of
silty particles. Tagus and Sado basins sediments were very poor in
clayey particles and sandy fraction was particularly significant
(around 60%) in T2 and S2. With reference to alteration products, all
samples were quite rich in sand particles, representing more than 60%
of their bulk composition in samples O2 and O3. The commercial
product was rich in silty particles (54%) but still had a notable content
of sandy particles (17%).
Veniale et al. (2007) points out that a suitable peloid must have at
least 70–80% of clay sized particles. In addition, studies (Armijo and
Maraver, 2006) showed that the majority of Spanish Thermal Centres
apply peloids with about 57–70% of particles sized between 2 and
20 μm. In this sense, the best Portuguese materials without mechan-
ical grinding were L2, L4, L7, L8, A2 and A3. Concerning samples O2
and O3, its application is only advisable if the sand sized particles were
previously separated.
All samples showed highly variable morphologies. Many particles
were disposed in aggregates with heterogeneous shape and size. The
Lusitanian sediments were the most heterogeneous ones, showing
large aggregates (N100 μm) and less particles of smaller size (Fig. 4A).
These aggregates were composed of small platy particles (usually
b2 μm), which sometimes acquired a more flocculated appearance
(Fig. 4B). The Algarve basin sediments showed more homogeneous
and pseudospherical aggregates (with size usually not exceeding
100 μm, Fig. 4C), while in the Tagus sediments large aggregates were
rare and associated with fibrous palygorskite particles (Fig. 4D). In the
Sado sediments, aggregates were of small size, generally b50 μm. The
alteration products showed quite distinct morphologies. They were
mainly composed of large angular aggregates (200–500 μm, Fig. 4E)
made up of planar smectite particles (Fig. 4F).
3.3. Chemical composition
The contents of major elements are shown in Table 4 and, as
expected, they showed a direct relationship with the mineral
composition. Samples were rich in SiO2 representing, in average,
about 50–60% of the bulk composition. Al2O3 was around 15–20%
(except L8, the richest in kaolinite, and O4, the richest in calcite). The
Fe2O3 content was highly variable, as a direct function of the amounts
of Fe-oxides. MgO was below 3%.
The content of trace elements could be classified into three
categories (Table 5). “Class 1” included Cd, Pb and As, elements that
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Fig. 3. Grain size distribution of the bulk samples.
Table 3
Average structural formulas of the identified clay mineral particles.
Age Clay mineral Formula
Lusitanian Basin Upper Jurassic White micas (Si3.19Al0.81)O10(Al1.57Mg0.20Fe0.30)OH2(K0.49Ca0.05Na0.03Mg0.09)
Beidellite (Si3.50Al0.50)O10(Al1.41Mg0.28Fe0.40)OH2(K0.22Ca0.05Na0.06Mg0.06)·nH2O
Lower Cretaceous White micas (Si3.07Al0.93)O10(Al1.83Mg0.03Fe0.16)OH2(K0.47Na0.06Mg0.17)
Upper Cretaceous White micas (Si3.28Al0.72)O10(Al1.51Mg0.24Fe0.33)OH2(K0.46Ca0.02Mg0.11)
Beidellite (Si3.48Al0.52)O10(Al1.39Mg0.36Fe0.37)OH2(K0.33Ca0.03Mg0.07)·nH2O
Algarve Basin Lower Cretaceous White micas (Si3.27Al0.73)O10(Al1.54Mg0.23Fe0.30)OH2(K0.45Ca0.03Na0.09Mg0.08)
Beidellite (Si3.44Al0.56)O10(Al1.40Mg0.27 Fe0.42)OH2(K0.37Ca 0.03Mg0.06)·nH2O
Miocene White micas (Si3.22Al0.78)O10(Al1.86Mg0.04Fe0.16)OH2(K0.28Na0.03Mg0.17)
Beidellite (Si3.47Al0.53)O10(Al1.46Mg0.22Fe0.39)OH2(K0.22Ca0.02Mg0.13)·nH2O
Tagus Basin Paleogene White micas (Si3.12Al0.88)O10(Al1.83Mg0.04Fe0.14)OH2(K0.68Mg0.10)
Beidellite (Si3.40Al0.60)O10(Al1.51Mg0.32Fe0.27)OH2(K0.22Ca0.07Mg0.12)·nH2O
Palygorskite (Si7.64Al0.36)O20(Al1.86Mg1.78Fe0.27)OH2(K0.04Ca0.05Na0.08Mg0.09)·4H2O
Miocene Beidellite (Si3.54Al0.46)O10(Al1.64Mg0.27Fe0.18)OH2(K0.20Ca0.04Mg0.09)·nH2O
Palygorskite (Si7.62Al0.38)O20(Al1.86Mg1.83Fe0.27)OH2(K0.19Ca0.02Mg0.05)·4H2O
Sado Basin Miocene Beidellite (Si3.58Al0.42)O10(Al1.30Mg0.40Fe0.43)OH2(K0.23Ca0.08Mg0.03)·nH2O
Alteration Products Paleozoic White micas (Si3.11Al0.89)O10(Al1.70Mg0.13Fe0.22)OH2(K0.50Na0.13Mg0.13)
Paleogene Montmorillonite Si4O10(Al1.32Mg0.44Fe0.33)OH2(K0.01Ca0.11Na0.03)·nH2O
Miocene Beidellite (Si3.65Al0.35)O10(Al1.29Mg0.50Fe0.36)OH2(K0.05Ca0.07Na0.23)·nH2O
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should be essentially absent because they are known as human
toxicants or environmental hazards (USP, 2010). “Class 2” included
Mo, Ni, V, Cr, Cu and Mn, elements that should be limited in
pharmaceuticals and have less toxicity than those present in “Class 1”
(USP, 2010). “Other metals” included elements which may also be
present as impurities in cosmetic products (e.g. Ba, Se, Zn and Sb). Even
though Zn has no significant toxicity (EMEA, 2008), Sb is included as an
element of primary toxicological concern in cosmetics togetherwith Pb,
As, Cd andHg (Health Canada, 2009). In the case of Se and Ba, in spite of
their less significant toxicological properties and risks, no impurity
limits were developed for cosmetics (Health Canada, 2009). Tl and Te
were also included as elements that are not allowed in cosmetic
products, including clays and peats for pelotherapy (European regula-
tion n.85/391/CEE,86/179/CEE and 86/199/CEE).
The analyzed trace elements exhibited normal values for sediment
samples (Carretero and Pozo, 2007). However, when compared with
the known abundances of sediments on Earth's Crust (Turekian and
Wedepohl, 1961), some anomalies were detected for As (samples A1
and T1) and Cr (sample O2). The natural abundance of As in the
Earth's Crust is about 1.8 ppm (De Stefano et al., 2010), being higher
when associated with sulphur minerals in soils (Carretero and Pozo,
2007). As S was not detected in A1 and T1, the As anomaly in these
samples was linked to the surrounding lithology. The content of Cr
(sample O2) was in agreement with the values presented by basaltic
magmatic rocks (2–600 ppm) and was attributed to the origin of the
sample O2 in the Eruptive Rocks of Benavila formation.
To discuss the exposure limits on the basis of toxic chemicals
present in pharmaceuticals and cosmetics, the term “Permitted Daily
Exposure” (PDE) was used. This term was recently chosen to better
define, on a chronic basis, the pharmaceutically maximum acceptable
exposure to an element that is unlikely to produce any adverse health
effect. The presented limits of trace elements were according to those
currently defined as acceptable for pharmaceuticals and cosmetics
(Health Canada, 2009; EMEA, 2008; USP, 2010).
Fig. 4. SEMmicrophotographs of the samples. (A) General view of large aggregates in sample L3. (B) Detailed image of particles in a large aggregate of sample L8. (C) General view of
pseudospherical aggregates in sample A2. (D) Detailed image of an aggregate with fibrous palygorskite particles in sample T1. (E) General view of angular big aggregates in sample
O3. (F) Detailed image of planar smectite particles in sample O2.
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Concerning “Class 1”, the As content was below the detection limit
of the used technique in a few samples (A4, S1, S2, O3 and O4) but,
when present, was acceptable for cosmetic usage and was in
agreement with the PDE in samples L4, L5 and A2. The studied
samples presented no high risk of toxicity since dermal exposure to As
contributes b1% of the exposure from ingestion (US FDA, 2003). Pb
was always present in variable quantities, of acceptable toxicity
mainly in samples O2 and O3, andwas closer to the limits for cosmetic
usage in samples L4, A2, A3 and O4 (Health Canada's Natural Health
Products Directorate). The other samples also showed low toxicity
since the Pb content in sediments usually ranges between 30 and
300 ppm (De Stefano et al., 2010). Cd was frequently below the
detection limits and, when detected, was acceptable in samples T1, O1
and O4.
With regards to “Class 2”, all studied samples (except the Cr
anomaly) presented acceptable PDE concentrations. In “Other metals”
category the Zn content was tolerable, also in accordance with typical
values for clays/shales, and the Sb content was in agreement with
cosmetic usage limits. When detected, the remaining elements
showed quantities not exceeding 20 ppm.
In conclusion, except for A1, T1 and O2, the studied materials
exhibited normal to low toxic element concentrations. Therefore, they
showed a low risk of toxicity if a dermal application is intended, and
were considered safe.
3.4. Powder flow properties
Table 5 shows the powder flow properties of the samples. Carr
indexes of the b63-μm fractions were N23% (poor flow powders) and
decreased in most of the corresponding bulk samples (fair-poor flow
powders). The Hausner indexes ranged between 1.2 and 1.5 in both
the bulk samples and the b63-μm fraction.
Some samples showed distinct behavior. The b63-μm fractions of
two Algarve basin samples (A2 and A3) showed fair flow properties
and one total bentonitic sample (O3) showed good flow. On the other
hand, samples L6 and S2 showed the highest Carr Index values and
were considered very poor flow powders. Thus, the samples should be
used as bulk as possible to avoid problems during their manipulation.
In some cases, theywould need addition of coadjutants to improve the
flow properties.
4. Conclusions
Table 6 shows the suitability of the studied samples for medical
hydrology applications. The Lusitanian basin samples (L1 to L8)
presented advisable properties and some limitations because of the
small amounts of the clay fractions and the clay mineral content. L2
and L8 showed mineralogical and chemical composition, optimal for
the preparation of peloids. L7 also presented an advisable composition
even if high quartz content should be reduced. L6, currently used for
traditional treatments at Parede Beach, had good compositional
parameters but the flow properties should be improved.
Regarding the Algarve samples (A1 to A4) only those from the Luz
formation were advisable (A2 and A3) if the quartz content of sample
A2 is reduced. The results confirmed the actual therapeutic utility of
these clays at Burgau and Luz beaches and guaranteed their
mineralogical and chemical safety.
Tertiary samples (T1 to S2) presented unsuitable characteristics
due to their high content in sand-sized particles. Only S1 was
considered suitable but the therapeutic use of sample S2 at Meco
Beach was not favored considering the obtained data.
Samples O1 to O3 (alteration products) showed also advisable
properties with limitations. O3 was the most suitable product due to
its good flow properties whereas O2 (with similar flow behavior) is
not advisable before its bioavailability is tested. The commercial
product (O4)was safe but presented a very high content of carbonates
that, due to their abrasivity, could cause some discomfort during
application.
It can be concluded that samples L2, L7, L8, A3, S1 and O3
presented good compositional, safety and technological properties to
be used in medical hydrology treatments.
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Tailored peloids are prepared by the maturation of selected clay minerals mixed with thermo-mineral waters.
These dispersions are topically applied to the skin to treat different ailments because of their unique
rheological and thermal properties. Colloidal dimensions of the dispersed clay mineral particles yielded stable
and viscous dispersions capable of flowing when spread and stand in the area to be treated without flowing
away. To be easily handled and cause a pleasant sensation during application, the clay mineral dispersions
must have good consistency and cause no abrasion. As thermotherapeutic agents, these systems are heated
before application being important to ensure that the clay paste has heat retention capacity and adequate
cooling kinetics.
On the basis of a previous detailed characterization of Portuguese clayey materials for medical hydrology
applications, six clay raw materials were selected as candidates to be used in the preparation of tailored
peloids. This study aims to obtain tailored peloids with suitable technical, rheological and thermal properties.
Samples from “Serra de Dentro” and “Barracão Clays” formations exhibited adequate abrasivity and
consistency. Regarding sedimentation volume and apparent viscosity, the majority of samples showed some
difficulties as they were coagulated in the absence of a dispersing agent. Specific heat and cooling rate were
adequate in samples from “Serra de Dentro” and “Luz Clays” formations.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Peloids or thermalmuds aredispersions of clay-rich solid fractions in
mineral-medicinal water (Viseras et al., 2006, 2007). They appear in the
nature but can also be prepared by maturation (mixing during a long
period) of selected clayey materials with salty thermo-mineral waters
(Veniale et al., 2004, 2007). These systems are topically applied in
different parts of the body or the whole body for therapeutic and
cosmetic purposes (Carretero et al., 2010; Veniale et al., 2007).
As disperse systems, rheological and thermal behaviors are of great
concern in the study and characterization of peloids (Viseras et al., 1999;
Viseras et al., 2006; Cerezo et al., 2006). Besides predicting the properties
which are directly related with the peloid application (e.g. spreading
qualities, adhesion to skin and removal), the rheological properties of the
dispersion (viscosity and sediment volume) are also responsible for the
settling of dispersed particles and the formation of a sediment at the
bottom of containers. Furthermore, in the manufacture of a dispersion,
the aggregation state of solid particles is important as it determines the
quality of the dispersion (De Bernardi and Pedrinazzi, 1996;Minguzzi et
al., 1999; Veniale, 1999). Together with the rheological properties, a set
of other important technical qualities are considered in the materials
suitable to produce peloids with therapeutic validity (Barbieri, 1996).
Among them, the thermal properties (good cooling kinetics and high
heat capacity) play an important role. In most of the cases, the heat
application is directly responsible for the therapeutic effect as thepeloids
are applied hot or involved in preserving the heat (Cara et al., 2000;
Ferrand and Yvon, 1991; Legido et al., 2007; Yvon and Ferrand, 1996).
Another category of important technical properties, scarcely explored in
previous studies, are consistency and abrasivity (or mechanical
properties) of the materials when applied topically. These mechanical
properties determine themolding capacity to thepeloid before its use. In
addition, they provide easiness of handling and a pleasant sensation
when the peloid is applied.
On the basis of a previous detailed characterization of Portuguese
clayey materials for medical hydrology applications, six clay raw
materials were selected due to their good compositional and flow
properties (Rebelo et al., 2010b). This study aims to determine the
rheological, technical and thermal properties and their capacity to
produce qualified tailored peloids.
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2. Materials and methods
The six clayeymaterialswere collected fromwell known geological
formations, previously described in terms of their composition and
micromorphology for healing purposes (Rebelo et al., 2005; Rebelo
et al., 2010a,b). They comprised clay-rich levels of Jurassic to Pliocene
age formations collected fromFreixial (J-F1), Aveiro (C-F2), Luz (C-F3),
Xabregas (M-F4), Serra de Dentro (M-F5) and Barracão (P-F6)
formations. Samples J-F1, C-F2 and P-F6 are sediments collected in
the Lusitanian basin, along the Western-Central Border. Sample C-F3
was collected in the Algarve Basin (Southern Border) at Lagos region.
Sample M-F4 is a sediment collected from the Sado Tertiary Basin,
located in the Setúbal Peninsula. Finally, sample M-F5 is a bentonitic
alteration product, collected at Serra de Dentro, at the Madeira
Archipelago (Fig.1).
2.1. Description of the materials
On the previous work by Rebelo et al. (2010b) the mineralogical
composition (b63 μm) and bulk granulometry were determined
(Table 1).
Fig. 1. Location of the selected clay-rich formations.
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The bulk granulometry of samples J-F1, C-F2, CF-3 and P-F6
(Table 1) evidenced high amounts of clay-sized particles (N50%) and
low contents of sand particles (b5%), with the exception of C-F3
(Table 1). The silt content was the highest in J-F1 (Table 1). M-F4
and M-F5 were characterized by a smaller clay fraction content (b40%)
but relatively high contents of the silt and sand fractions (N60%)
(Table 1).
Because the bulk materials showed highly variable amounts of
sand-sized particles, the initial separation of the silt-clay fraction
(b63 μm) from the bulk was considered. This particularity could
provide some discomfort during the clay paste application (Rebelo
et al., 2010b). Previous studies (Rebelo et al., 2005, 2010a,b) showed
that these materials are suitable for therapeutical applications when
sieved. Sieving and wet separation is a common treatment for clays
that are intended to be used as natural products in several
pharmaceutical and cosmetic preparations, which ensures its maxi-
mum purity and ease of use (Viseras et al., 2007). Despite the extra
effort of sieving and wet separating the original geomaterials, we
believe that the increase in quality of the final product justifies it.
Thus, before carrying out the laboratory analysis, each of the
studied samples was carefully wet sieved in 63 μm meshes. After
drying (at 60 °C), the samples weremaintained in closed containers at
room temperature.
The mineralogical compositions of separated samples are reported
in Table 1. Samples J-F1, C-F2 and M-F4 were characterized by
reasonable quantities of quartz and white micas (both around 30%)
and lesser quantities of kaolinite. Smectite was present in samples
C-F2 and M-F4 in low quantities (5–10%).
Samples C-F3, P-F6 and especially M-F5 (Table 1) contained
smaller amounts of quartz (≤12%). Illite was particularly abundant in
C-F3 (50% of the b63 μm fraction) and the kaolinite content was
significant in P-F6 (Table 1). Sample C-F3 also evidenced a significant
content of carbonates and iron (hydr)oxides. Usually, the content of
these associated minerals (when present) is b5%. M-F5, a bentonitic
material, showed a high smectite content (N50%) and also significant
amounts of plagioclases (Table 1). This sample contained significant
amounts of iron (hydr)oxides (Table 1).
2.2. Abrasivity and plasticity
2.2.1. Einlehner abrasivity
The abrasivity was determined using the Einlehner Test. Initially,
50 g of the sieved clays (b63 μm) was dried at 60 °C (during 15–
20 min) and dispersed in 400 mL of distilled water until a homoge-
neous dispersion was obtained (~15 min). The initial mass of the
clean and dry standard bronze wire was determined before testing.
The weighed wire was assembled into an Einlehner AT 1000
apparatus with the dispersion and, after stirring for 43,500 revolu-
tions (~30 min), the cleaned and dried wire was weighed again. The
mass loss (mg) was the measure of Einlehner abrasion. The abrasivity
index was determined using the wear area.
2.2.2. Atterberg limits
The Atterberg limits (WL, WP and PI) were determined following
the Portuguese norm NP 143-1969. After sieved, 100 g of each sieved
samples (b63 μm) was air dried and mixed with water to form a
remoulded clay paste. The paste was placed in the standard
Casagrande cup and then grooved. The rotation of the apparatus at a
set speed was continued until the groove flowed and closed over a
specified length. The number of blows of the cup was noted and the
sample taken to determine the moisture content. The test was
repeated 4 times at decreasing water contents (by air-drying the
sample) each time noting the number required to close the groove. A
graph of the log of the number of blows against water content was
drawn, and the moisture content requiring 25 blows to close the
groove, i.e. the liquid limit (WL), was determined.
For the plastic limit test, approximately 20 g of the sieved clays
(b63 μm)wasmixed on a glass plate withwater tomake it sufficiently
plastic to roll into a ball. The ball was firstly rolled to form a clay thread
and then rolled again until it started to crumble at a thread diameter of
3 mm. At this point, the water content gives the plastic limit (WP). The
Plasticity index (PI) is the difference between WL and WP.
2.3. Thermal properties
2.3.1. Specific heat
The specific heat was determined for each sieved and dried sample
by differential scanning calorimetry (DSC) in the Shimatzu® DSC-50
Calorimeter.
2.3.2. Cooling kinetics
To produce 60% water-clay pastes, 30 g of sample was mixed with
20 mL of distilled water. The paste was introduced in a closed 50 mL
cylindrical Teflon container, was heated at temperature constancy
(70 °C) and introduced in a thermostatic bath (Edelstahl Rostfrei®) at
35 °C. The temperature was measured with the Dual Thermometer LT
Lutron TM-906A every 30 s until the temperature of the clay paste and
the thermostatic bath were identical.
To obtain representative cooling curves of the studied clay pastes, the
experimental data were fitted by exponential curves by regression
analysis. According to previous studies (Cara et al., 2000; Legido et al.,
2007), the curves followed a function of the type T=A−Be−Kt where A
is the bath temperature, B is the difference between the starting
temperature of the clay and thebath temperature (A) andK is thecooling
rate. The estimated error of the different samples was calculated:
err =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ni=1 Test;i−Tdata;i
" #z
n
vuut
Table 1
Bulk granulometry and silt-clay fraction composition (adapted from Rebelo et al., 2010b).
Samples Bulk granulometry (%) Silt-clay fraction mineralogy (%)
Detrital tectosilicates Clay minerals Carbonates (Hydr)oxides
Sand Silt Clay Qtz Fsp Pl An Mca/Ill Kln Sme Paly Cal Dol Sd Ant Crs Fe
J-F1 4 44 52 32 4 1 – 34 22 – – – 1 1 – – 4
C-F2 1 23 76 28 4 2 – 34 22 5 – 1 – – – – 4
C-F3 18 24 58 7 8 1 – 50 11 1 – 12 – – – – 10
M-F4 3 62 35 29 5 7 – 21 20 10 – 3 – – – 2 3
M-F5 66 18 16 1 – – 21 10 – 53 – 4 – – 2 – 9
P-F6 3 11 86 12 2 1 – 15 63 – 3 – – 1 – – 2
Qtz = Quartz; Fsp = K-Feldspar; Pl = Na-Plagioclase; An = Anorthite; Mca/Ill = White Mica/Illite; Kln = Kaolinite; Sme = Smectite; Paly = Palygorskite; Cal = Calcite; Dol =
Dolomite; Sd = Siderite; Ant = Anatase; Crs = Cristobalite; and Fe = Fe-Oxides.
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where Tdata is themeasured temperature, Test the temperature derived
from the fitted curve, n the total number of measurements.
2.4. Rheology
2.4.1. Sediment volume
The sediment volume (F) was defined as the ratio between the
sediment's final (ultimate) volume inmL (Vu) and the original volume
(in mL) of the dispersion before settling (V0) (Bergaya et al., 2006;
Martin, 1993). It was determined following the methodology
proposed by the Real Farmacopea Española (2005).
The silt-clay samples (b63 μm) were disaggregated using an agata
mortar. The clay–water dispersions were prepared of 6 g clay and
200 mL distilled water, then stirred at 10,000 rpm during 20 min with
an Ultra Turrax-T25 stirrer (Ika Labortechnik®). From each clay–
water dispersion, 100 mL was extracted and stored undisturbed at
room temperature during 24 h in stoppered testing tubes. After 24 h,
the final volumes were registered and the corresponding sediment
volumes were calculated.
2.4.2. Formulation of clay–water dispersions
The apparent viscosity of 10% clay–water dispersions was mea-
sured. The solid phase consisted of 15 g of the sieved samples
(b63 μm) and 15 g of Veegum® HV grade (b125 μm). The liquid
phase was prepared with 270 mL of distilled water (pH=5.75, at
20 °C). The clay–water dispersions were homogenized at 1000 rpm
(~1–2 min) in a Eurostar Power control-visc P1 overhead stirrer
(Ika Labortechnik®) andmaintained closed in a thermostatic bath (J.P.
Selecta S.A. Precisterm) during 24 h at 40 °C.
The added Veegum® HV (VHV) is a purified smectite with the
following mineralogical composition: 53% Al-smectite, 41% Mg-
smectite, b5% quartz, and b5% of K-feldspars and traces of calcite
(Aguzzi et al., 2005). It was added to all clay-dispersions as stabilizing
agent to retard sedimentation and avoid coagulation of the dispersed
particles (Viseras et al., 2007). It was added to the solid phase only to
perform the apparent viscosity test.
The addition of VHV generally aims at improving the product
quality, fulfilling all the required technical specifications. Although
these compositional and textural modifications increase the cost of
the peloids, they greatly improve the resultant rheological properties.
Consequently, the resulting peloids would be easily marketed with
economic benefits as is evidenced by a wide number of products
fulfilling different therapeutic or cosmetic purposes such as topical
health care preparations (Viseras et al., 2007).
Different water types influence the original properties of peloids
(Veniale et al., 2004). However, this study aimed at characterizing the
properties of clays when dispersed in water and not the influence of
water types in the properties of the resulting peloid. Therefore,
distilled water was used to minimize the effect of different kinds of
water (Veniale et al., 2004).
2.4.3. Apparent viscosity
The apparent viscosity of clay–water dispersions formulated with
VHV and previouslymaintained at 40 °C in the thermostatic bathwere
measured with the viscometer Brookfield Engineering®— DVII+PRO
with spindle 03. Three parallel measurements were done in intervals
of 30 s at different shear rates (2, 4, 10, 20, 50 and 100 rpm). The
measurements were repeated after 24 h at undisturbed conditions,
keeping the samples at 40 °C in the thermostatic bath.
3. Results and discussion
3.1. Abrasivity and plasticity
3.1.1. Einlehner abrasivity
The Einlehner abrasion (at 43,500 rpm) ranged between 23 and
102 mg(Table 2). The abrasivity indices (A.I.) changedbetween75 g/m2
(P-F6) to 334 g/m2 (M-F4) (Table 2). The less abrasive materials were
C-F3, M-F5 and especially P-F6 with A.I. close to 100 g/m2.
A possible explanation for the higher abrasivity of samples J-F1, C-F2,
andM-F4 is their high content in detrital tectosilicates (Table 1). Because
these samples includecoarseandsharp-edgedquartzgrains, theyproduce
high abrasion. Consequently, some discomfort is expected when applied
to the skin (Rebeloet al., 2010a,b). In fact, thehighest abrasivities (N200 g/
m2) were observed when the content of detrital minerals (quartz, k-
feldspars and plagioclases) was higher than or equal to 34% (Fig. 2).
P-F6, C-F3 and M-F5 would be softer when applied because their
content in hard minerals was much lower leading to a less significant
abrasivity (Fig. 2). The abrasivity of these samples was comparable to
the abrasivity of bentonites recently studied for industrial applica-
tions (Klinkenberg et al., 2009). The higher content of b2 μm particles
and the presence of a favorable micromorphology (platy shapes and
pseudospherical aggregates) were considered important factors
because they contribute to softer and less abrasive materials
Table 2
Einlehner abrasivity of the clays.
Samples Abrasion (mg) Abrasivity index (g/m2)
J-F1 79 258
C-F2 72 235
C-F3 32 106
M-F4 102 334
M-F5 39 127
P-F6 23 75
Fig. 2. Pearson's correlation between abrasivity index and detrital minerals content.
Table 3
Atterberg limits of the clays.
Samples Liquid limit (%) Plastic limit (%) Plastic index (%)
J-F1 42 25 17
C-F2 67 40 27
C-F3 44 29 15
M-F4 47 23 24
M-F5 108 59 49
P-F6 60 33 27
Table 4
Specific heat values of the clays.
Samples ∆T (K) Q /m (J kg−1) Specific Heat (J K−1kg−1)·103
J-F1 91.69 64,660 0.71
C-F2 72.59 82,930 1.14
C-F3 97.14 110,000 1.13
M-F4 93.12 94,460 1.01
M-F5 118.12 290,000 2.46
P-F6 87.21 220,000 2.52
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(Klinkenberg et al., 2009; Rebelo et al., 2010a,b).The abrasivity of a
clayey material for application to the skin should not exceed 5 g/m2
at 1000 rpm (or 200 g/m2 at 43,500 rpm) (Gomes, 2002). Thus, only
C-F3, M-F5 and P-F6 were considered adequate to be applied on the
skin without producing an undesirable sensation.
3.1.2. Atterberg limits
In the majority of the samples the liquid limit (WL) values
varied between 42 and 67% (Table 3). The exception was M-F5,
with WLN100%. The studied samples were grouped in high
plasticity clays (C-F2, P-F6 and M-F5) when WL was N50% and in
Fig. 3. Cooling curves of the clay–water dispersions (formulated with 60% of clay).
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low plasticity clays (J-F1, C-F3 and M-F4) when the WL was b50%
(Bain, 1971).
The plastic limit (WP) was between 23 and 40% for the majority of
samples (Table 3). According to Jenkins soils classification (Gomes,
2002), all samples were considered high plasticity soils because their
plastic indices (P.I.) were N15%. J-F1 and C-F3 were considered the
less plastic, with P.I.≈15%, while M-F5 was the most plastic one with
P.I.=49%.
Samples C-F2, P-F6 and, especially M-F5, showed the best plastic
behavior among the studied samples. They should exhibit good water
Fig. 3 (continued).
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retention capacity and, therefore, should be capable to develop an
adequate plastic behavior during their manipulation and spreading.
Note that higher liquid limits correspond to higher plastic limits
(Table 3). The most adequate raw materials in terms of manipulation
and spreading were C-F2, P-F6 and M-F5 because they form pastes
with good consistency.
3.2. Thermal properties
3.2.1. Specific heat
The specific heat rangedbetween0.71×103 and 2.52×103 JK−1kg−1
(Table 4). Samples P-F6 andM-F5 showed thehighest specificheat above
2.00×103 JK−1kg−1. Only P-F6 and M-F5 showed specific heat values
comparable with some common clays and bentonites for pelotherapy
uses (Legido et al., 2007).
3.2.2. Cooling kinetics
According to the cooling curves (Fig. 3), the clay pastes M-F5, C-F3,
and especially C-F2 were the slowest to cool presenting lower cooling
rates (K values≤0.17) (Table 5). These values corresponded to the
specific heats (Table 4), except for C-F2 with lower specific heat. The
best thermal behavior of this sample at higher water contents was
already confirmed by other studies (Table 1) (Cara et al., 2000; Legido
et al., 2007).
Clay pastes formulated with M-F4, J-F1 and P-F6 were the
fastest to cool presenting very similar cooling rates (Table 5).
These results were consistent with the specific heat (Table 4),
except for P-F6 which showed a low specific heat. This different
behavior of P-F6 with water (fast cooling) and when dried
(high specific heat) can be explained by the lack of smectite
and a more homogeneous texture when dried (Table 1) (Legido
et al., 2007).
3.3. Rheological properties
3.3.1. Sediment volume
Dispersions of J-F1 and M-F5 showed the highest final volume
and the highest sediment volume (about 1.0 mL/mL) (Table 6).
These samples yielded flocculated systems when dispersed
(Gennaro, 1998). This property is required for the formulation
of dispersions with optimal physical stability. Samples J-F1 and M-
F5 were also usable to formulate ideal and pharmaceutically
acceptable dispersions because no sedimentation or compact
sediment formation occurred in these samples (Gennaro, 1998;
Martin, 1993).
The dispersions formulated with C-F2, P-F6, C-F3, and M-F4
yielded smaller final volumes resulting in reduced sediment
volumes (Table 6). These dispersions were not stable but settled.
The formation of a compact sediment at the bottom of the test tube
(like a cake) was often observed together with a clear supernatant.
To formulate stable dispersions with P-F6, C-F3 and M-F4,
dispersing agents had to be added (Gennaro, 1998; Viseras et al.,
2007).
3.3.2. Apparent viscosity
The average apparent viscosities (at 10 rpm) of clay–water
dispersions (formulatedwith VHV)were around 3 Pas (Table 6). J-F1
andM-F5 showed good rheological potential in the sediment volume
test. The addition of Veegum® HV emphasized this property, with
samples showing high apparent viscosity (Table 6). All the other
dispersions showed poor stability i.e. smaller apparent viscosities
except C-F2. This clay–water dispersion was the most beneficiated
by the addition of Veegum® HV as it showed the highest average
apparent viscosity at 10 rpm and a small sediment volume (Table 6).
In other studies (Cara et al., 2000; Yvon and Ferrand, 1996) clay
pastes used for pelotherapy purposes exhibited viscosities around
4 Pas. Taking into account that the obtained apparent viscosities were
beneficiated by the addition of VHV, dispersions formulated with J-F1
and M-F5 (Table 6) demonstrated the best potential to form clay
pastes with rheological behavior adequate for treatments.
All the dispersions showed similar flow behavior (Fig. 4). The
apparent viscosity curves steeply decreased at shear rates up to
20 rpm (Fig. 4). Thus, the dispersions showed thixotropy behavior
implying that all the studied dispersions should flow when agitated
and keeping its shape when applied (Viseras et al., 2006). This
behavior is a very important property because it leads to the use of
clay or clay minerals in several semisolid products such as lotions,
creams, ointments, pastes and make-up preparations.
At initial time (t=0) and near zero shear rates, the clay–water
dispersions showed apparent viscosities between 10 and 20 Pas
(Fig. 4). The highest apparent viscosities (around 20 Pas) were
observed for the dispersions formulated with J-F1, M-F5 and
especially C-F2 (exceeding 20 Pas). These results confirmed the
tendency of J-F1 and M-F5 to form stable dispersions, and thus
adequate rheological properties when dispersed. The dispersions
formulated with C-F3, M-F4 and mainly P-F6, which already
evidenced low stability (Table 6), had also lower apparent viscosities
(10 Pas) (Fig. 4).
After 24 h at undisturbed conditions (t=24 h), a slight increase of
all dispersions' apparent viscosity was observed (Fig. 4). This
tendency was more perceptible at b20 rpm and significant for the
clay dispersions formulated with C-F2 and M-F4 (Table 6). This is
adequate to produce stable clay–water dispersions without adding
dispersing agents. Thus, these formulations should be capable to flow
when required remaining at the cutaneous surface during the
application (Viseras et al., 2006).
3.4. Overview
The mechanical, thermal and rheological properties of the samples
are compared in Table 7. M-F5 and P-F6 were the most suitable
formulations for therapeutic application. These samples correspond to
“Serra de Dentro” and “Barracão Clays” formations. J-F1, C-F2, and C-F3,
were considered suitable only in relation to certain properties. These
samples correspond to “Freixial”, “Aveiro” and “Luz” formations. To be
Table 5
Parameters of adjustment and standard error (err) of the different clays.
Samples A (°C) B (°C) K err
J-F1 35.26 22.95 0.19 0.56
C-F2 35.57 25.07 0.14 0.48
C-F3 36.07 24.71 0.17 0.46
M-F4 35.52 23.27 0.20 0.51
M-F5 35.41 25.30 0.16 0.48
P-F6 35.85 23.18 0.19 1.30
Table 6
Rheological properties of the dispersions.
Samples Final volume
(mL)
Sedimentation⁎
volume (mL/mL)
Average apparent
viscosity⁎⁎ at 10 rpm (Pas)
t=0 h t=24 h
J-F1 99 0.99 3.6 3.8
C-F2 23 0.23 4.2 4.9
C-F3 20 0.2 2.7 3.1
M-F4 10 0.1 2.6 3.0
M-F5 99 0.99 3.2 3.8
P-F6 12 0.12 2.1 2.3
⁎ Measured in clay–water dispersions formulated with 3% of clay.
⁎⁎ Measured in clay–water dispersions formulated with clay (5%) and Veegum HV®
(5%).
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applied in therapeutics their properties have to be improved. M-F4
(corresponding to the “Xabregas” formation) would be unsuitable for
application.
4. Conclusion
This study aimed at the characterization of mechanical, thermal
and rheological properties of some Portuguese geomaterials
previously considered suitable for use in Medical Hydrology
(Rebelo et al., 2010b). The analysis was performed for the fractions
b63 μm. They were characterized in terms of abrasivity, consisten-
cy, heat capacity and cooling behavior. The rheological properties,
sediment volumes and apparent viscosity of the dispersions were
determined.
Samples M-F5 and P-F6 showed good abrasivity, plasticity and
specific heat. However, when dispersed in water, only M-F5 showed
good sediment volume and cooling behavior while P-F6 revealed a
good apparent viscosity. Both samples were considered suitable for
Table 7
Suitability of clays in terms of their technical, thermal and rheological properties.
Technical Thermal Rheological Overall
suitability
Samples Abrasivity Plasticity Specific heat Cooling rate Sedimentation Apparent viscosity
J-F1 ✘ ✘ ✘ ✘ ✔ ✔ Limited
C-F2 ✘ ✔ ✘ ✔ ✘ ✔ Limited
C-F3 ✔ ✘ ✔ ✔ ✘ ✘ Limited
M-F4 ✘ ✘ ✘ ✘ ✘ ✘ Not suitable
M-F5 ✔ ✔ ✔ ✔ ✔ ✘ Suitable
P-F6 ✔ ✔ ✔ ✘ ✘ ✔ Suitable
✔ (adequate) ✘ (Not adequate).
Fig. 4. Apparent viscosity curves of the clay–water dispersions (formulated with 5% of clay and 5% of Veegum HV®).
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application. Samples J-F1, C-F2, and C-F3 were considered suitable
only in relation to particular properties, showing limited application.
J-F1 exhibited good sediment volume and apparent viscosity but
unsuitable technical properties. Sample M-F4 was not suitable for any
application.
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